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INTRODUCTION 

The purpose o f  t h i s  paper i s  t o  summarize recent i n fo rma t ion  from coal  
l i q u e f a c t i o n  s tud ies i n  bench scale as we l l  as i n  i n teg ra ted  process develop- 
ment u n i t s ,  t oge the r  w i t h  t h e  data from new a n a l y t i c a l  techniques which have 
prov ided subs tan t i a l  amounts o f  new in fo rma t ion  on several impor tant  aspects 
o f  coa l  s t r u c t u r e  and coal r e a c t i v i t y .  The r e s u l t s  o f  these s tud ies  reveal  
t h a t  e x i s t i n g  coal models and cu r ren t  empir ica l  t e s t s  f o r  coal r e a c t i v i t y  no 
longer  r e f l e c t  adequately t h e  new knowledge o f  coal s t r u c t u r e  and coal 
r e a c t i v i t y .  

E a r l i e r  approaches t o  d i r e c t  coal l i q u e f a c t i o n  employed h igh -seve r i t y  
operat ing cond i t i ons  o f  pressure, temperature and coa l / so l ven t  s l u r r y  con tac t  
t ime, t o  achieve i n  one reac to r  t h e  h ighest  coal  conversion and d i s t i l l a t e  
y i e l d  poss ib le .  High-sever i ty  thermal processing d i d  not necessa r i l y  l ead  
t o  react ions t h a t  were a l l  des i rab le ,  but  resu l ted  i n  undesi rab le regress ion 
react ions,  such as polymer izat ion,  condensation and an increase i n  t h e  aromatic 
nature o f  t he  i n i t i a l l y - f o r m e d  coal fragments. Although e levated temperatures 
may be necessary f o r  t h e  breakdown o f  the o r i g i n a l  coal s t ruc tu re ,  p reven t i ve  
means, such as a k i n e t i c a l l y  r a p i d  hydrogen t r a n s f e r  from a hydrogen donor 
so l ven t  t o  s t a b i l i z e  the  o v e r a l l  so lvent-coal  adduct, have been employed t o  
m i t i g a t e  the regress ive react ions.  However, because o f  l ack  o f  s u f f i c i e n t  
t rans fe rab le  hydrogen t o  maximize t h e  conversion o f  t h e  aspha l to l s  and 
asphaltenes, which con ta in  h i g h l y  r e a c t i v e  func t i ona l  groups, po lymer izat ion/  
condensation and d e a l k y l a t i o n  reac t i ons  s t i l l  occur, as evidenced by h i g h  
hydrocarbon gas y i e l d .  

DISCUSSION 

The key r o l e  o f  t he  func t i ona l  groups. and i n  p a r t i c u l a r  o f  t h e  phenols, 
i n  promoting and p a r t i c i p a t i n g  i n  polymerizationlcondensation reac t i ons  i s  
we l l  estab l ished (1) .  
groups attached t o  t h e  aromatic s t r u c t u r e  o f  t he  coal and o f  t h e  donor 
so l ven t  i s  t h a t  o f  forming f r e e  r a d i c a l s  a t  h i g h  thermal seve r i t y ,  
competing k i n e t i c a l l y  and t a k i n g  away the a v a i l a b l e  hydrogen d i r e c t e d  t o  
the  condensed aromatic s t r u c t u r e ,  which even tua l l y  goes t o  coke o r  i n s o l u b l e  
organic  matter. 
by crack ing hydrogenated aromatic r i n g s  du r ing  upgrading o f  t h e  coal ex t rac ts ,  
has n o t  been s u f f i c i e n t l y  s tud ied,  p a r t i c u l a r l y  i n  r e l a t i o n  t o  t h e i r  key 
r o l e  i n  coal l i q u e f a c t i o n .  High thermal s e v e r i t y  coa l  l i q u e f a c t i o n  processes, 
which have monopolized bench scale research and scale-up e f f o r t s  from t h e  
e a r l y  German d i scove r ies  t o  t h e  present time. seem t o  have a pronounced 
dependency on coal s t r u c t u r e  somewhat s i m i l a r  t o  those o f  coal g a s i f i c a t i o n  
and combustion, s ince a l l  o f  these are operat ing above the a c t i v a t i o n  energ ies 
of a l l  the major react ions i nvo l ved  and are dominated by an unordered 

But t h e  seemingly impor tant  f u n c t i o n  o f  t h e  a l i p h a t i c  

The f a t e  o f  t he  a l i p h a t i c  groups i n  coals  and those formed 
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re t rogress ive  condensation, c r a c k i n g  and t r a n s a l k y l a t i o n  ar ray  o f  
react ions.  For these and o t h e r  reasons t h e  organic s t ruc tu re  o f  coal  has 
appeared t o  researchers as a h i g h l y  c ross l inked,  amorphous and unreac t ive  
macro-mol ecul  a r  s t r u c t u r e  . 
A more recent approach uses low-sever i ty  coal  l i q u e f a c t i o n  i n  separated 
bu t  i n teg ra ted  stages i n  o rder  t o  op t im ize  the  coal d i s s o l u t i o n  and coal 
ex t rac t  upgrading s teps  ( 2 ) .  
o f  new a n a l y t i c a l  techniques have produced r e s u l t s  which change s u b s t a n t i a l l y  
our approach t o  coal  l i q u e f a c t i o n  techniques, have insp i red  new thoughts i n  
unrave l ing  t h e  complex mechanism o f  d i r e c t  coal  l i q u e f a c t i o n  a t  low- 
seve r i t y  and more i m p o r t a n t l y  g i ve  us a r a d i c a l l y  d i f f e r e n t  p i c t u r e  o f  
t h e  s t r u c t u r e  and r e a c t i v i t y  of coa ls  than has been provided by h igh-sever i ty  
l ique fac t ion ,  g a s i f i c a t i o n  and combustion processes. 

Important new i n f o r m a t i o n  f rom t h i s  new approach includes: 

This emerging technology and the  development 

Low-severity processing forms m o s t l y  r e a c t i v e  low molecular-weight 
fragments. 
are formed i n  t h e  very e a r l y  stages o f  l i q u e f a c t i o n ,  can condense t o  
form s t ruc tu res  s i m i l a r  t o  those produced by h igh-sever i ty  l i q u e f a c t i o n  

Thermally produced coal  e x t r a c t s  c o n t a i n  h igh  l e v e l s  o f  heteroatom 
compounds and a re  " r e f r a c t o r y "  t o  c a t a l y t i c  hydrogenation. 
low-sever i ty  produced e x t r a c t s  a re  low i n  heteroatoms and more e a s i l y  
hydrogenatable, and c o n s i s t e n t l y  y i e l d  exce l l en t  equ i l i b r i um hydrogen 
donor so lvent  (4) .  

Perhaps because o f  t he  occurrence o f  low molecular-weight reac t i ve  coal  
fragments, surrounded by a recyc le  solvent which i s  low i n  heteroatoms 
and r i c h  i n  hydroaromat ics,  t h i s  approach appears t o  be successful i n  
processing both high- and l o w - r e a c t i v i t y  coals, and producing s i m i l a r  
conversions and s i m i l a r  product q u a l i t i e s  from both  types o f  coal ,  
support ing t h e  n o t i o n  t h a t  conversion and product q u a l i t y  i s  less  
dependent on coal  c h a r a c t e r i s t i c s  and more dependent on process 
operat ion than p r e v i o u s l y  be l ieved (4) .  

Proton NMR ana lys is ,  m o d i f i e d  t o  p rov ide  data on d i s t i l l a t e  and non- 
d i s t i l l a t e  f r a c t i o n s ,  served t o  c r e a t e  a working k i n e t i c  model f o r  
coal e x t r a c t  hydroprocessing, t h u s  enabl ing us t o  d i s t i n g u i s h  
c a t a l y t i c  hydrogenat ion from r i n g  opening and p a r t i c u l a r l y  from 
dea lky la t i on  of t h e  h i g h l y  a l k y l a t e d  condensed hydroaomatic compounds 
produced by l o w - s e v e r i t y  l i q u e f a c t i o n ,  and t o  p r e d i c t  so lvent  donor 
q u a l i t y  as we l l  as t h e  y i e l d  s t r u c t u r e  o f  t he  upgraded products (5). 

I f  n o t  p r o p e r i y  quenched, these reac t i ve  fragments, which 

( 3 ) .  

Conversely 

Other important i n f o r m a t i o n  has been obtained by var ious  sources working 
a t  low-sever i ty  process cond i t ions ,  b u t  t h i s  in fo rmat ion  i s  most ly r e l a t e d  
t o  o p e r a b i l i t y  advantages, s ince  processing was t h e  main ob jec t i ve  o f  t h e  
p ro jec ts  involved. 
t o  d i sc lose  a completely d i f f e r e n t  p i c t u r e  of the  re la t i onsh ip  between t h e  
s t r u c t u r e  and r e a c t i v i t y  o f  coals and low-sever i ty  coa l  l i que fac t i on .  

Nevertheless, t h e  l i m i t e d  in fo rmat ion  given here appears 

i 
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We are d i scove r ing  more s i m i l a r i t i e s  i n  coal -der ived products even though 
the re  a re  l a r g e  d i f f e r e n c e s  i n  the  s t r u c t u r e  o f  t he  coals  from which these 
products  are derived. These s i m i l a r i t i e s  become more ev ident  as the  coa l /  
so l ven t  donor s l u r r y  i s  processed a t  c o n t r o l l e d  low-sever i ty  i n  the  
e x t r a c t i o n  as we l l  as i n  t h e  upgrading steps under t h e  cond i t i ons  where 
e q u i l i b r i u m  i s  more c l o s e l y  reached and i n  t h e  presence o f  an aged c a t a l y s t  
w i t h  s teady-state a c t i v i t y .  

It i s  extremely d i f f i c u l t  t o  capture i n  research bench sca le  u n i t s  t h e  
essence o f  t h e  r e s u l t s  produced i n  an i n teg ra ted  continuous process because 
t h e  r a p i d  i n i t i a l  d e a c t i v a t i o n  o f  f r e s h  c a t a l y s t  prov ides cont inuously  
changing cond i t i ons  l ead ing  t o  r a t h e r  confus ing r e s u l t s .  Also, most o f  t he  
key da ta  and bene f i t s ,  i.e., increased coal conversion, enhanced donor q u a l i t y ,  
and increased format ion o f  few major condensed hydroaromatic compounds, are 
obta ined on ly  a f t e r  severa l  cyc les  o f  t h e  i n t e g r a t e d  continuous staged 
operat ion.  A t  process equ i l i b r i um,  benzopyrenes, phenanthrenes and chrysenes 
and t h e i r  h i g h l y  a l k y l a t e d  d e r i v a t i v e s  c o n s t i t u t e  more than 60 percent o f  t he  
t o t a l  product, whether a bituminous o r  a subbituminous coal i s  employed as 
t h e  s t a r t i n g  ma te r ia l  (6). 

R&D COORDINATION 

Current  research e f f o r t s  on coal  l i q u e f a c t i o n  are l ead ing  t o  f u r t h e r  
improvement i n  t h e  understanding o f  t h e  mechanism o f  react ions occu r r i ng  a t  
even lower  temperatures and o v e r a l l  l e s s  severe processing cond i t i ons ,  
revea l i ng  t h a t  coal, aspha l to l s  and asphaltenes are much more r e a c t i v e  
species than p rev ious l y  thought. It can be s ta ted  t h a t  t he re  i s  a t u r n  o f  
events occu r r i ng  i n  d i r e c t  coa l  l i q u e f a c t i o n ,  which from a steady 
evo lu t i ona ry  progress, has r e c e n t l y  become a revo lu t i ona ry  processing approach. 
P re l im ina ry  r e s u l t s  i n d i c a t e  t h a t  t h i s  approach w i l l  p rov ide  a much l a r g e r  
“equa l i ze r ”  e f f e c t  on processing any t ype  o f  coal ,  making i t  even more 
process dependent r a t h e r  than coal t y p e  dependent ( 7 ) .  

On t h e  bas is  o f  t he  above new in format ion,  e v i d e n t l y  t h e r e  i s  an urgent  need 
f o r  in-depth d i scuss ion  between researchers who are dedicated t o  u n r a v e l l i n g  
coal c h a r a c t e r i s t i c s ,  mechanisms and r e a c t i v i t i e s  and those who are devoted 
t o  coal  processing and the  k i n e t i c  aspects o f  t he  reac t i ons  invo lved i n  each 
phase o f  the low-sever i ty  coal  l i q u e f a c t i o n  process. 

Due t o  changing economics, t h e  i n t r o d u c t i o n  o f  new la rge -sca le  coal convers ion 
processes has been postponed and, as a consequence, more t ime  i s  a v a i l a b l e  
f o r  research t o  ga in  fundamental i n s i g h t s  i n t o  coal s t r u c t u r e  and t o  ob ta in  
a b e t t e r  understanding o f  i t s  impact on coal l i q u e f a c t i o n .  

Therefore, t h e  recent  e x c i t i n g  r e s u l t s  obta ined i n  t h e  development o f  an 
emerging technology i n  d i r e c t  coal l i q u e f a c t i o n  should be discussed, 
p o s s i b l y  i n  smal l -sca le symposia, as a supplement t o  t h e  large-scale 
conferences, i .e., ACS, AIChE, Contractors ’  and Coal Science Conferences 
and t h u s  prov ide t h e  oppor tun i t y  f o r  in-depth d iscuss ions and a maximum 
p r o f i t  from exchange o f  knowledge and ideas, and b e t t e r  u t i l i z a t i o n  o f  
research t a l e n t s  and d o l l a r s .  
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Abstract  

Py ro l ys i s  o f  coa ls  i n  the presence o f  hydrogen i s  known t o  enhance l i q u i d  
y i e l d s ,  bu t  t h i s  enhancement i s  o f t e n  accompanied by increases i n  methane make. In 
many instances increased methane y i e l d s  are de t r imen ta l  because o f  t he  amount of 
hydrogen consumed t o  make methane. This paper w i l l  d iscuss the  d iscovery o f  a 
c r i t i c a l  temperature th resho ld  f o r  coal hydropyro lys is ,  below which 1 i t t l e  methane 
i s  formed, and above which s i g n i f i c a n t  methane i s  produced. A simple procedure i s  
described t o  determine t h e  c r i t i c a l  temperature, which i s  d i f f e r e n t  f o r  each coal 
and pressure regime used. 

INTRODUCTION 

Coal has an atomic hydrogen t o  carbon r a t i o  l ess  than un i t y .  To make 
des i rab le  l i q u i d s ,  w i t h  atomic H/C r a t i o s  o f  1.5 t o  2, hydrogen must be added o r  
carbon removed. The l a t t e r  approach invo lves  p y r o l y s i s  o f  t he  coal t o  produce 
l i q u i d s ,  gases and a carbonaceous residue c a l l e d  coke o r  char depending on whether 
t h e  coal became p l a s t i c  du r ing  the  py ro l ys i s .  I n  t h e  past  many researchers have 
t r i e d  t o  increase the  y i e l  l i q u i d s  by per forming the p y r o l y s i s  i n  the  presence 
o f  hydrogen under pressttrefl'{). I n  general,  these researchers obta ined increased 
l i q u i d  and hydrocarbon gas ( C 1  t o  C3) y i e l d s  from such hyd ropy ro l ys i s  methods 
r e l a t i v e  t o  p y r o l y s i s  under i n e r t  atmospheres. These increases came a t  t h e  expense 
of s i g n i f i c a n t  hydrogen uptake, and the  hydrogen repor ted main ly  t o  the  hydrocarbon 
gases. 

I n  our s tud ies o f  coal hydropyro lys is ,  we confirmed the y i e l d  increase 
trends p rev ious l y  observed. While examining the e f f e c t  o f  temperature on the  hydro- 
p y r o l y s i s  reac t i on  we found t h a t  a temperature th resho ld  ex i s t s ,  below which 
increased l i q u i d  y i e l d s  are obta ined wi thout  product ion o f  l a r g e  q u a n t i t i e s  o f  
hydrocarbon gases. D e t a i l s  o f  t h i s  f i n d i n g  are described i n  t h i s  paper. 

EXPERIMENTAL 

Hydropyro lys is  reac t i ons  were c a r r i e d  ou t  i n  a f i x e d  bed apparatus, a 
schematic diagram o f  which i s  shown i n  F igure 1. lhe  620 cc reac to r  was capable o f  
sus ta in ing  pressures o f  up t o  13.3 MPa, and was heated by means o f  a f l u i d i z e d  sand 
bath, which could be ra i sed  and lowered h y d r a u l i c a l l y .  In a t y p i c a l  experiment, 
about 4009 o f  coal was charged i n t o  the hopper above the  reac to r  and pressur ized 
w i t h  e i t h e r  n i t rogen  o r  hydrogen. The reac to r  was placed i n  t h e  f l u i d i z e d  sand bath 
and heated a t  a r a t e  o f  about 4'C/min, w i t h  preheated n i t rogen  o r  hydrogen f l ow ing  
through i t  a t  a r a t e  o f  about 0.4 SCFM a t  a predetermined reac t i on  pressure. A t  an 
approp r ia te  temperature, coal from the hopper was charged t o  t h e  reac to r  by opening 
a b u t t e r f l y  valve, w h i l e  the  heat ing r a t e  was adjusted t o  about Z°C/min. V o l a t i l e  
products were c a r r i e d  out  o f  t he  reac to r  by the  f l ow ing  gas i n t o  a h igh  pressure 
knock out  vessel. A f t e r  reducing gas pressure t o  1 atm i t was passed through a 
cooled low pressure knockout vessel then i n t o  a wet t e s t  meter. Gas samples were 
taken every 10 minutes and analyzed on a Carle GC. A t  t h e  end o f  t h e  experiment, 
t he  sand bath was lowered, t he  reac to r  cooled, and l i q u i d  and char products were 
co l l ec ted .  F igure 2 shows t y p i c a l  temperature p r o f i l e s  f o r  bo th  t h e  sand bath and 
reac to r  du r ing  constant  temperature coal p y r o l y s i s  under n i t rogen,  Reactor 
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temperature drops as coal  i s  added, but r a p i d l y  recovers t o  t h e  temperature o f  t he  
sand bath. 

Determinat ion  o f  t he  c r i t i c a l  temperature th resho ld  was accomplished by 
fo l l ow ing  the  above procedure us ing  hydrogen gas a t  a f low r a t e  o f  0.4 SCFM. Coals 
were addded t o  the  reac to r  a t  a temperature o f  36OOC and heat ing  was cont inued t o  
525OC. I n  F igure  3 the  temperatures o f  the  sand ba th  and the  reac to r  a re  p l o t t e d  
f o r  a t y p i c a l  experiment. We de f ine  the  c r i t i c a l  temperature as the  p o i n t  where the  
exotherm begins. 

RESULTS AN0 OISCUSSION 

Py ro l ys i s  under hydrogen i s  known t o  produce higher y i e l d s  o f  l i q u i d  and 
hydrocarbon gas products r e l a t i v e  t o  p y r o l y s i s  under n i t rogen.  This was v e r i f i e d  
us ing  a subbituminous coal  f o l l ow ing  the  above procedure, a t  a pressure o f  7MPa and 
a constant temperature o f  525OC. I n  the  hydrogen case, an exotherm was noted a f t e r  
3 minutes. F igure  4 shows the  e v o l u t i o n  o f  gases on a cumulat ive bas is  from the  
coal dur ing py ro l ys i s  under n i t rogen  a t  525OC. and F igure  5 shows cumulat ive gas 
e v o l u t i o n  and hydrogen consumption r a t e  f o r  t h e  reac t i on  under 7 MPa o f  hydrogen a t  
525OC. I n  the  n i t rogen  case, l i q u i d  y i e l d  was 10 w t %  (dry coal bas is ) ,  w h i l e  under 
hydrogen, l i q u i d  y i e l d  was 14 wt%. Notably d i f f e r e n t  were t h e  methane y i e l d s  i n  
n i t rogen  and hydrogen, 2 %t% f o r  the  former and almost 15 w t %  f o r  t he  l a t t e r .  From 
F igure  5 it can be seen t h a t  hydrogen consumption r a t e  p a r a l l e l s  methane evo lu t ion ,  
which imp l ies  t h a t  t h e  increased methane y i e l d  i s  due t o  the  some form o f  hydro- 
g a s i f i c a t i o n  o f  t he  coal o r  char. 

To b e t t e r  understand t h i s  observat ion,  t h e  hydropyro lys is  was c a r r i e d  out 
under the  programed temperature cond i t ions  descr ibed above. F igure  3 shows the  
temperature p r o f i l e .  C l e a r l y  an e x o t h e n  occurs a t  about 45 minutes residence t ime 
(temperature o f  about 4 6 5 Y ) .  F igure  6 shows the  gas evo lu t i on  f o r  t h i s  reac t i on  
from which i t  can be seen t h a t  s i g n i f i c a n t  methane evo lu t i on  occurs a t  about the  
same t ime as the  exotherm. We de f ine  the  temperature a t  which the  exotherm appears 
as a c r i t i c a l  temperature threshold.  

As i nd i ca ted  i n  Table 1, the  c r i t i c a l  temperature th resho ld  appears t o  be 
dependent upon hydrogen pressure, decreasing w i t h  inc reas ing  pressure. (hce again 
the  y i e l d  of o i l  i s  r e l a t i v e l y  constant, bu t  t he  methane make i s  d i r e c t l y  re la ted  t o  
hydrogen pressure. 

Table 1 

Onset o f  Exotherm and Methane Y ie ld  Related t o  Hydrogen Pressure 

(370-525'C; 0.4 SCFML 

7.0 9.2 - 1.4 - HYDROGEN PRESSURE, MPa 

EXOTHERM, O C  488 465 437 

YIELDS, W l %  COAL 

METHANE 
c + c 3  
OTLS 
CHAR 

HYDROGEN CONSUMPTION 
( w t %  coa l )  

7.0 11.9 23.0 
2.2 2.4 2.2 

12.8 14.7 14.8 
55.3 44.6 38.0 

2.32 3.76 5.14 

6 



The e f f e c t  o f  the exotherm on product y i e l d s  and hydrogen consumption was 
determined by c a r r y i n g  out  t he  hyd ropy ro l ys i s  i n  such a way t h a t  the reac t i on  
temperature never exceeded the c r i t i c a l  temperature, which f o r  t h i s  coal a t  these 
reac t i on  condi t ions was 465'C. F igure 7 d i sp lays  the thermal h i s t o r y  of t h i s  
experiment. Several minutes before the  c r i t i c a l  temperature was reached, the  sand 
bath was lowered, thus assur ing t h a t  t he  maximum temperature d i d  not exceed the  c r i -  
t i c a l  temperature. It i s  apparent from the f i g u r e  t h a t  t he  exotherm was completely 
e l im ina ted  i n  t h i s  experiment. F igure 8 shows the gas e v o l u t i o n  w i t h  t ime, and i t  
Can be seen t h a t  methane make i s  low and i n  t h e  same range as t h a t  f o r  p y r o l y s i s  
under n i t rogen.  Table 2 shows a d i r e c t  comparison o f  t he  y i e l d  pa t te rns  from the  
hydropyro lys is  conducted below and above t h e  c r i t i c a l  temperature. 

Table 2 

Higher Temperature Increases Conversion t o  Gas Not O i l .  

(0.4 SCFM; 7MPa H,) 

372-465OC 371-525OC 
YIELDS ( W l %  COAL) 35 M I N  85 M I N  

METHANE 
c + c 3  
OTLS 
CHAR 

HYDRCGEN CCNSUMP TION 
( w t %  c o a l )  

1.4 
1.2 

14.3 
64.5 

11.2 
2.4 

14.7 
44.6 

0.6 3.7 

It i s  obvious from these data t h a t  h igher  p y r o l y s i s  temperatures do i n -  
crease ove ra l l  conversions, but  i t  i s  s t r i k i n g  t h a t  o i l  y i e l d s  change very l i t t l e .  
Most o f  t he  conversion increase i s  mani fested i n  the methane make. The most 
s i g n i f i c a n t  f i n d i n g  from these data i s  t h a t  hydrogen consumption increases s i x  f o l d  
a t  t h e  h igher  temperature wi thout  adding t o  the l i q u i d  y i e l d .  The add i t i ona l  
hydrogen appears t o  be consumed i n  producing methane. 

A l l  o f  the data discussed t o  t h i s  p o i n t  was taken on a subbituminous 
coal. To determine whether the e f f e c t  i s  impor tant  f o r  coals  o f  d i f f e r e n t  rank, the 
hydropyro lys is  was c a r r i e d  out  on a bituminous coal. l h e  data f o r  these experiments 
are summarized i n  Table 3 and compared t o  those from the subbituminous coal .  In 
these experiments t h e  bituminous coal was impregnated w i t h  a concentrated potassium 
hydroxide s o l u t i o n  t o  a i d  i n  prevent ing agglomeration. The t r e a t e d  coal contained 
8.44 w t %  ac id  so lub le  potassium. The c r i t i c a l  temperature f o r  t h i s  coal was 
determined i n  separate experiments t o  be 474OC and the  hyd ropy ro l ys i s  was c a r r i e d  
out below the temperature. It can be seen from Table 3 t h a t  l i q u i d  y i e l d  from the 
bituminous coal increased by about two fo ld  under these hyd ropy ro l ys i s  condi t ions,  
w h i l e  t h e  hydrocarbon gas make i s  on ly  s l i g h t l y  h igher  than t h a t  produced under 
n i t rogen.  Much more work on other  coals  must be done before a f i r m  conclus ion can 
be made regard ing genera l i t y ,  but t h e  data gathered thus f a r  support t h i s  as a 
t e n t a t i v e  concl us i on. 

V i r t u a l l y  noth ing i s  known w i t h  c e r t a i n t y  regard ing t h e  mechanism or  
mechanisms involved i n  t h i s  phenomenon. Che obvious mechanism f o r  methane format ion 
i s  hydrodealky la t ion o f  s ide  chains. I f  d e a l k y l a t i o n  i s  a major  pathway, i t  should 
be poss ib le  t o  observe d i f f e rences  i n  the i n f r a r e d  spect ra o f  hydropyro lys is  chars 
made above and below t h e  c r i t i c a l  temperature. F igure 9a i s  a Four ie r  Transform I R  



Table 3 

C r i t i c a l  Temperature Threshold May be General 

SURB I l l l M  INOUS B I N M  INOUS* 

465 474 CRITICAL TEMP., O C  

LIQUID YIELD (Wn OAF) I N  
H2 
N2 (525’C) 

CHAR ( W l %  DAF) I N  
H2 
N2 (525’C) 

* KCH t r ea ted  

15.5 
11.3 

2.8 
5.6 

61.5 
66.4 

18.7 
9.7 

6.4 
5.0 

58.4 
68.1 

spectrum o f  t h e  char from t h e  hyd ropy ro l ys i s  r e a c t i o n  which produced 11.2 w t X  
methane (Table 2), and F igure 9b i s  t he  d i f f e r e n c e  spectrum between Figure 9a and 
t h a t  o f  the spectrum o f  t h e  char from the  hyd ropy ro l ys i s  reac t i on  which made 1.4 w t l  
methane (Table 2). F igu re  9b does not  i n d i c a t e  s i g n i f i c a n t  d i f f e rences  between the 
two chars. 

Elemental analyses o f  the chars show t h a t  oxygen remaining i n  the chars 
decrease as more methane i s  made. These data are d i sp layed  i n  F igure 10, as methane 
y i e l d  p l o t t e d  against  atomic O/C r a t i o ,  and may i n d i c a t e  t h a t  carbon-oxygen bonds 
are the  s i t e s  most r e a d i l y  a t tacked by hydrogen. 

(Xle se t  o f  mechanisms which app.ear t o  be..consistyjf w i t h  the observat ions 
discussed above are those proposed by Graber and Hu t t i nge r  . They subjected many 
aromatic, a l ky la romat i c  and heteroatom-containing aromatic model compounds t o  hydro- 
p y r o l y s i s  a t  temperatures vary ing between 600-1000°C. Anong t h e i r  conclusions, they 
found t h a t  oxygen i n  aromatic r i ngs  and hydroxyl groups o f  phenol and naphthol 
s t rong ly  enhance the methane y i e l d ,  and t h a t  decarbonylat ion was a key s tep  f o r  both 
type: o f  oxygen Compounds: 

This appears t o  be i ncons is ten t  w i t h  a hyd rodea lky la t i on  hypothesis. 

F 
.: 

Nit rogen con ta in ing  aromat ic  systems a l so  showed a propensi ty  t o  form methane under 
t h e i r  condi t ions.  Analyses of t he  chars described above showed an inve rse  
dependence o f  methane y i e l d  t o  the  atomic N/C r a t i o .  

8 
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CONCLUSIONS 

A c r i t i c a l  temperature th resho ld  e x i s t s  f o r  coal hydropyro lys is ,  above 
which methane forms r a p i d l y '  w i t h  a concomitant increase i n  hydrogen consumption. 
L i q u i d  y i e l d s  are no t  increased above the  c r i t i c a l  temperature. The c r i t i c a l  
temperature threshold may be a general phenomenon, and depends upon coal ,  i.e.. 
bituminous o r  subbituminous coal, hydrogen p a r t i a l  pressure and hydrogen t r e a t  
rate. The chemistry and mechanisms invo lved  i n  the  e f f e c t  are no t  we l l  under- 
stood. P re l im ina ry  r e s u l t s  i n d i c a t e  t h a t  d e a l k y l a t i o n  may not  be a major route t o  
methane formation, and t h a t  the react ions t o  produce methane take  p lace a t  hetero- 
atom s i tes ,  p a r t i c u l a r l y  oxygen and n i t rogen,  i n  the  char. 

This work suggests t h a t  c o n t r o l l i n g  the temperature o f  t he  hydropyro lys is  
below t h a t  o f  the c r i t i c a l  temperature i s  an impor tant  means t o  improve the  u t i l i z a -  
t i o n  of hydrogen, thus improving the e f f i c i e n c y  o f  any hydropyro lys is  process. 
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LOW-TEMPERATURE COAL DEPOLYMERIZATION. 5. CONVERSION OF 
NEW MEXICO AND UTAH HVB COALS TO HYDROCARBON OILS 

J. Shabtai*, T. Skulthai, and I .  Saito** 
Department of Fuels Engineering, Universi ty o f  Utah 

Sa l t  Lake City, Utah 84112 

INTRODUCTION 

The development of various low-temperature coal so lub i l  i za t fon  procedures, 
based on the appl icat ion o f  select ive chemical-catalytic reactions, has been 
reviewed i n  1981 by Wender e t  al. ( L )  Such procedures have recent ly at t racted 
considerable i n te res t  i n  view o f  the obvious advantages of coal l ique fac t ion  under 
mi ld,  subsoftening conditions. I n  the preceding paper o f  these series, we out l ined 
a new approach t o  low-temperature coal depolymerization and 1 iquefact ion which 
involves the appl icat ion o f  three consecutive react ion steps i n  which d i f f e ren t  
types o f  fn te rc lus te r  linkages are subjected t o  p re fe ren t ia l  cleavage ( 2 ) .  The 
procedure, as sumarized i n  Figure 1, conslsts of the fo l lowing sequential steps: 
(1) in te rca la t ion  o f  the coal sample wi th c a t a l y t i c  amounts (3-15X) o f  FeC13 
followed by mi ld  hydrotreatment (HT) o f  the coal-FeCl3 in te rca la te ;  ( 2 )  base- 
catalyzed depolymerization (BCD) of the product from step 1, under super -c r i t i ca l  
conditions; and (3) hydroprocessing (HPR) of the depolymerized product from the two 
preceding steps, using a su l f ided  COW catalyst .  The high e f f i c iency  o f  the overal l  
procedure was demonstrated by the previously reported conversion o f  a Wyodak coal 
sample i n t o  a l i g h t  hydrocarbon o i l  product, containing 57.2 w t %  (o r  53.8 wt% 
calculated on the s ta r t i ng  M4F coal)  of low-boi l ing f rac t ions  (gasoline, kerosene 
and l i g h t  gas o i l ;  b.p. up t o  305"C/760 t o r r ) .  The present paper provides 
addi t ional  examples o f  the appl icat ion of the same procedure, using two higher rank 
coal samples from New Mexico and Utah. 

EXPERIMENTAL 

Materials. Tm, HVB coal samples, one. from Frui t land, San Juan basin (New Mexico) 
re fe r red  below as F(NM) coal, and another from the v i c i n i t y  of Helper (Utah) 
referred below as H ( W  coal, were provided by Amoco O i l  Co. The u l t imate  analysis 
o f  the F(NM) coal sample (FV\F basis) i n  w t %  was C, 78.69; H, 6,OO; N, 1.62; C1, 
0.07; S, 0.96; 0 (d i f f . ) ,  12.66; H/C = 0.909; ash content (dry basis), 11.37; BTU/lb 
(dry basis), 12,691. The ul t imate analysis o f  the H(UT) coal sample i n  w t %  was C, 
81.10; H, 5.97; N, 1.09; C1, 0.03; 5. 0.49; 0 (d i f f . ) ,  11.32; H/C = 0.877; ash 
content (dry basis) 9.91%; BTU/lb (dry basis), 13,111. 

4 The coal samples were grinded and sieved through a 200-mesh standard s i e w  i n  a 
nitrogen-purged glove box, and then stored under ni t rogen i n  a re f r i ge ra to r .  

Catalysts. The ca ta lys t  used i n  the mi ld HT step of the depolymerization procedure 
F i g u r e  1) consisted o f  FeC13, which was in te rca la ted  i n  the powdered coal feed 
using a newly developed procedure (see below). The catalyst-solvent system, used i n  
the subsequent BCD step consisted o f  a 10% alcohol ic a l k a l i  hydroxide solution, 
preferably a methanolic KOH solut ion ( 2 ) .  I n  the f i na l  HPR step the ca ta lys t  used 
was su l f ided  6Co8Mo/y-A1203 prepared by i nc ip ien t  wetness impregnation o f  Ketjen r- 
A1203 w i th  an amnoniacal so lu t ion  of amnonium paramolybdate, followed by 
impregnation with an aqueous Co(NO312 solution. This high Co content ca ta lys t  was 
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found t o  be markedly more act ive fo r  hydrodeoxygenation o f  depolymerized coal 
products and other oxygen-rich synfuels i n  comparison with conventional 3C08MO/y- 
A1203 catalysts ( 3 ) .  

Apparatus and Experimental Procedure. M i ld  Hydrotreatment (HT) Step. Each o f  the 
powdered coal samples was f i r s t  pre-extracted with TW i n a Soxhlet f o r  48 hr, 
y ie ld ing  small amounts o f  solubles, including resins (7.6% from the F(NM) coal, and 
9.2% from the H ( U T )  coal). The pre-extracted coal was then in te rca la ted  w i th  
ca ta l y t i c  amounts (3-158 by w t )  o f  reagent grade FeC13, using the fol lowing 
procedure: 

About 20 g o f  the pre-extracted coal was accurately weighed and placed together 
w i t h  the desired amount o f  FeC13 i n t o  a 100 m l  glass tube, connected t o  a previously 
described impregnation apparatus ( 4 ) .  About 20 ml  o f  acetone was then added to the 
tube and the coal-FeC13-acetone mixture was s t i r r e d  i n  an u l t rason ic  bath at  room 
temperature fo r  1 hr. The excess acetone was d i s t i l l e d  o f f  under a stream o f  
nitrogen and the resu l t i ng  FeCl3-coal in te rca la te  was transferred t o  a porcelain 
dish and dr ied  overnight i n  a vacuum desiccator oven a t  6O0C/O.02 to r r .  

3-4 g port ions o f  the dry in te rca la te  were hydrotreated i n  a special ly designed 
autoclave system described elsewhere ( 2 ) .  Conditions used were: temperature, 250- 
270'C; hydrogen pressure, 1000-1500 psig; react ion time, 1-2 hr. I n  a l l  runs the 
experimental procedure was the  same as previously employed i n  the  m i ld  
hydrotreatment (HT) o f  a Wyodak coal sample ( 2 ) .  The hydrotreated product was 
transferred t o  a Soxhlet and back-extracted w i th  acetone t o  remove the  FeC13 
catalyst .  Recovery o f  the l a t t e r  was essent ia l l y  quant i ta t i ve  (>99.5%) due t o  the 
1 ow hydrotreatment temperature. The extracted product was subsequently extracted 
also with THF t o  recover a small amount (usual ly (10% by w t )  of soluble products 
f r o m  the above HT step. 

Base-Catalyzed Depolymerization (KO) Step. The hydrotreated, FeC13-free coal 
product from the above HT step, i n  admixture w i t h  the above-mentioned small amount 
(40% by w t )  of  solvent-free THF-soluble material. was subjected t o  BCD i n  a 150 m i  
autoclave, using a 10% methanolic K O H  so lu t ion  as depolymerizing agent. I n  a l l  runs 
the amount o f  the hydrotreated coal feed was between 3-4 g, and the KOH 
solut ionlcoal  weight r a t f o  was 1O:l. The weighed coal sample and KOH so lu t ion  were 
charged t o  the autoclave, and the l a t t e r  was purged and then pressurized with 
ni t rogen to an i n i t i a l  pressure o f  1,000 psig. The autoclave was quickly heated 
(lS°C/min) t o  the desired temperature i n  the range o f  250-290°C, a t  which point  
s t i r r i n g  a t  500 rpn was started and continued for 1 hr. With completion o f  the run 
the autoclave was qu ick ly  cooled down with water and depressurized. The product was 
transferred t o  a beaker and ac id i f i ed  with aqueous 2N HC1 solut ion to pH = 2. The 
water-insoluble organic material was separated, thoroughly washed w i th  d i s t i l l e d  
water, and f i n a l l y  d r i ed  i n  a desiccator a t  10OoC/0.2 t o r r .  The dry product was 
then extracted w i th  M F  i n  a Soxhlet f o r  24 hr, leaving a so l i d  residue consist ing 
mainly of the o r ig ina l  coal ash. I n  some experiments the solvent-free BCD product 
was fractionated i n t o  cyclohexane-solubles ( o i l s ) ,  benzene-solubles, cyclohexane- 
insolubles (asphaltenes), and residual  THF-sol ubles. benzene-insolubles 
(asphaltols). using a sequential procedure i n  which the t o t a l  THF soluble, solvent- 
free BCD product was f i r s t  extracted w i t h  benzene, and the resu l t i ng  benzene-soluble 
f rac t ion  was freed from the solvent and then extracted w i th  cyclohexane to  separate 
it i n t o  o i l '  and asphaltene fract ions.  

Hydroprocessing (HPR) Step. The to ta l  product from the sequential HT-BCD 
depolymerization steps or i n  some experiments the o i l  f r ac t i on  o f  the product) was 
subjected to  hydroprocdssing with a su l f ided  6€o8Mo/y-Al2O3 ca ta l ys t  (see above), 
using a 300 m l  s t i r r e d  autoclave and mesitylene as a solvent. 
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I n  each run about 5 g o f  the depolymerized coal product was dissolved i n  50 m l  
o f  mesitylene and charged together wi th 1 g o f  ca ta lys t  and several drops o f  CS2 t o  
the autoclave. The l a t t e r  was purged with nitrogen, pressurized w i th  hydrogen t o  an 
i n i t i a l  pressure o f  about 1500-1700 psig, quickly heated (15'C/min) t o  the selected 
react ion temperature (35O-37O0C), and then add i t iona l l y  pressurized w i th  hydrogen t o  
a reaction pressure o f  2700 psig. The autoclave was s t i r r e d  under these condi t ions 
f o r  4 hr, and then cooled down and depressurized. I n  some experiments the ca ta lys t  
was exchanged a t  t h i s  po in t  w i th  a fresh ca ta lys t  por t ion  (1 g) and the 
hydroprocessing repeated fo r  another 4 hr. A t  the end o f  the run, the HPR product 
was quant i ta t i ve ly  removed from the autoclave, separated by f i l t r a t i o n  fran the 
catalyst .  and analyzed. 

Depolymerized products from the sequential HT-BCD steps and the 
products fra the HPR step were subjected t o  a combination o f  I R ,  

elemental analysis. The b o i l i n g  po in t  d i s t r i b u t i o n  o f  such 
products was determined by simulated d i s t i l l a t i o n  using a 18" x 0.25" stainless 
steel  gas chromatographic column packed with 3% Dexsil 300 on Anakrom Q. A Hewlett- 
Packard, Model 5730 gas chromatograph was programed f o r  operation between -30" t o  
370°C a t  a ra te  o f  l l " /m in  ( f i n a l  temperature hold, 4 min; FID temperature, 
400°C). Bo i l ing  point  curves were ca l ib ra ted  w i th  a standard mixture o f  C -C 1- 
phenylalkanes. GC data were fed d i rec t l y ,  stored and calculated i n  a ?lewf!tt- 
Packard 21MX E-series computer. 

RESULTS AND DISCUSSION 

M i ld  Hydrotreatment (HT) Step. Sui table conditions for m i ld  hydrotreatment (HT) o f  
the two FeC13-coal intercalates were f i r s t  determined. This included determination 
o f  the optimal concentration o f  in te rca la ted  FeC13, the HT temperature, and the  
react ion t i m e  under which there i s  only pa r t i a l  breakdown o f  the coal framework by 
pre feren t ia l  cleavage of alkylene (e.g., methylene), benzyletheric, and some 
act ivated ary le ther ic  i n te rc l  uster linkages. with minimal (usual ly (10%) attendant 
so lub i l i za t i on  ( 2 , 4 ) .  

Figure 2 shows the change i n  the y i e l d  of MF-solubles from mi ld  HT ( a t  250°C) 
o f  the FeC13-F(NM) and FeCl -H(UT) coal in te rca la tes  as a funct ion o f  FeC13 
concentration. concentrations i n  the range o f  8- 
12.5% by w t  ape s u f f i c i e n t  f o r  an HT step characgerized by a desired, low-extent o f  
so lub i l i za t i on  (<lo%). The s l i g h t l y  higher rank H(UT) coal, however, shows qui te 
d i f f e ren t  behavior, as expressed i n  r e l a t i v e l y  much higher y ie lds  (ca 16-20%) a t  low 
FeC13 concentrations (5-10%) and markedly decreased y ie lds  o f  THF-sxubles a t  higher 
FeCl concentrations (15-20%). Figure 3 shows, however, tha t  the y i e l d  o f  THF- 
solugles from HT o f  the FeCl3-H(UT) coal in te rca la te  can be brought down t o  the 
desired leve l  ( 4 0 % )  by decreasing the hydrotreatment t i m e  t o  about 1 h r  ( a t  
250°C). It i s  also seen i n  Figure 3 tha t  increase i n  KT temperature t o  290°C causes 
an excessive extent of so lub i l i za t i on  which i s  undesirable fra the po in t  o f  view of 
the e f f i c iency  o f  the overal l  sequential depolymerization procedure. Spec i f i ca l l y ,  
the optimal conditions for the HT step were previously defined as those under which 
the extent o f  depolymerization and so lub i l i za t i on  i n  the subsequent BCO step are 
maximal (see below) ( 2 ) .  Data sumnarized i n  Figure 3 show tha t  l o w  concentrations 
o f  FeC13 (5-10%) i n  the H(UT) coal i n te rca la te  are preferable t o  a higher 
concentration o f  t h i s  hal ide for  HT a t  250°C and 1-2 hr  react ion time. On the basis 
o f  these resul ts f o r  the H(UT) coal a FeC13 concentration of 5% by w t ,  a temperature 
o f  250"C, and a react ion time o f  1-2 h r  were selected as operating condi t ions fo r  
the HT o f  H(UT) coal. Figures 2 and 4, on the other hand, ind ica te  tha t  for the 
F(NM) coal a sui table set of HT conditions i s  a FeC13 concentration o f  8-12.5%, a 
temperature o f  250"C, and a react ion t ime  of 1-2 hr. A f te r  removal o f  the 
intercalated FeC13 ca ta lys t  a t  the end of the m i ld  HT step (see Experimental), the 
m i ld l y  hydrotreated F(NM) and H(UT) coals were subjected t o  base-catalyzed 

As seen, fo r  d e  F(NM) coal FeCl 
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depolymerization (BCD), and the to ta l  y ie lds  o f  THF-soluble, depolymerized coal 
products fran the sequential HT-BCD procedure determined (see below, Table 1).  

Base-Catal zed De 01 merizat ion (BCD) Step. Table 1 sumnarires the t o t a l  y ie lds  o f  
'THF-solubl:, depoyymirized products fran BCO o f  mi ld ly  hydrotreated F(NM) coal as a 
function of the temperature used i n  the preceding HT step. As seen, increase i n  HT 
temperature fran 250' t o  29OOC resu l ts  i n  gradual decrease i n  the y i e l d  o f  THF- 
solubles obtained i n  the E D  step (from 89.6% by wt f o r  an HT temperature o f  2 5 O O C  
t o  6 8 . a  fo r  a temperature o f  290°C). It i s  fu r ther  seen tha t  appl icat ion of BCD 
alone to the same coal, without HT as preceding step (expt. 60) y ie lds  a markedly 
lower y i e l d  of THF-solubles (48.8%) as compared w i th  tha t  obtained by the combined 
HT-BCD procedure (compare w i th  expt. 66 or  63). under otherwise ident ica l  BCD 
conditions. I n  experiment 66 the so lub i l i za t i on  o f  the F(NM) coal i s  complete, as 
the insoluble residue l e f t  a f t e r  the BED step consists o f  the or ig ina l  coal ash 
only. Fract ionat ion of the t o t a l  THF-soluble product from the sequential HT-BCD 
processing shows tha t  i t  consists mostly b 6 0 %  by ut) of cyclohexane-soluble ( o i l )  
components. I n  a ser ies o f  comparative experiments, the conditions i n  the HT step 
were kept constant and ident ica l  wi th those i n  experiment 66, but the BCD step was 
performed a t  three d i f f e r e n t  temperatures, i.e., 275', 290" and 320°C. 
Fract ionat ion o f  the products using sol ubi1 i t y  differences (see Experimental showed 
t h a t  the o i l  f r ac t i on  increases w i th  increase i n  BW temperature and becomes 
predominant at 290-320°C bile the concentration o f  the combined asphaltene and 
asphalt01 f rac t ions  reaches very l o w  l eve l s  ( -20%' by ut). This behavior i s  
consistent with previously reported resu l ts  on the e f fec t  o f  BCD temperature upon 
the depolymerfzation o f  a Wyodak coal sample 12). It i s  also consistent wi th some 
e a r l i e r  resu l t s  which have shown tha t  the product from base-catalyzed 
depolymerization o f  a Clear Creek, Utah coal a t  320°C with NaOH-ethanol as 
depolymerizing agent consists predominantly o f  monocluster components( 5). 

Table 2 shows the change i n  the y i e l d  o f  THF-soluble products from BCD o f  
m i ld l y  hydrotreated H(UT) coal as a funct ion o f  BCD temperature i n  the range of  250- 
290°C. using otherwise i den t i ca l  conditions i n  both the HT and BCD steps. As seen, 
the to ta l  y i e l d  o f  THF-solubles increases w i th  increase i n  BCD temperature from 
37.0% (or 41.1% on the MAF coal) a t  250'C t o  72.6% (or 80.6% on the MAF coal) a t  
290'C. Complete so lub i l i za t i on  o f  the H(UT) coal a t  290'C requires extension of the 
BCD t i m e  t o  about 2 hr. It i s  also seen tha t  BCD a t  290'C without prel iminary m i ld  
hydrotreatment (HT) o f  the coal (expt. 73) resu l t s  i n  much lower so lub i l i za t i on  
y i e l d  (45.7%) as compared w i t h  tha t  obtafned by sequential HT-BCD (72.6%), using an 
ident ica l  temperature i n  the BED step (expt. 74). Furthermore, the product from 
expt. 74 consists p r imar i l y  (>60%1 o f  cyclohexane-soluble ( o i l )  components whereas 
the product from expt. 73 (without HT) contains only 21.8% o f  such components. 

Hydroprocessing (HPR) o f  Depolymerized F(NM) and H(UT) Coals. Table 3 sumnarizes 
the elemental compositions o f  k(NM) and H ( U T )  d epolymerized coal samples, as well as 
of products obtained from them i n  the l as t ,  i.e., the hydroprocessing (HPR) step o f  
the Sequential l i que fac t ion  procedure (Figure 1). As seen, the depolymerized coal 
Samples re ta in  the oxygen present i n  the s ta r t i ng  coals, viz., the depolymerizing HT 
and BCD steps do not cause a appreciable extent o f  hyKdeoxygenation. However, 
s t ruc tu ra l  studies based on Cly NMR, PMR and F U R  analysis o f  the products show t h a t  
there i s  a major change i n  the oxygen func t iona l i t y  o f  the depolymerized coals as 
compared w i th  the s t a r t i n g  coals, i.e., most a ry le ther ic  and some dibenzofuranic 
i n te rc lus te r  l i n k i n g  groups undergo hydro ly t i c  cleavage during the BCO step to y i e l d  
phenolic groups ( 6 ) .  It i s  also seen i n  Table 3 tha t  HPR o f  the depolymerized coals 
resu l t s  i n  exhaustive hydrodeoxygenation, y ie ld ing  hydrocarbon products o f  very low 
oxygen content. S t ruc tura l  analysis of HPR products and pa ra l l e l  model compound 
studies have elucidated the nature o f  some o f  the main depolymerizing reactions 
Occurring i n  the HPR step, i.e., hydrogenolytic cleavage o f  condensed furanic rings 
(dibenzofuranic groups) and o f  Ar -A r  bonds (3~5). The reactions o f  such strong 
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Table 1 

Yield o f  THF-Soluble Products from BCD o f  Mi ld ly  Hydrotreated 
F(NM) Coal as a Function o f  Temperature i n  the HT Step 

Experiment, no. 60 66 63 61 62 

HT stepa 

Temperature, O C  -- 250 250 27 5 290 

FeC13 concentration -- 8.0 12.5 12.5 12.5 

Y ie ld  o f  THF Solubles -- 6.0 6.7 8.6 14.8 
i n  KT Step, % by w t  

BCD stepb 

Temperature, "C 275 275 275 275 275 

Total y i e l d  o f  
THF-solubles, % by wtc 48.8 89.6 84.5 75.2 68.0 

Insoluble residued 51.2 10.4 15.5 24.8 32.0 

a I n i t i a l  H2 pressure, 1500 psig; react ion time, 2 hr. b I n i t i a l  
N2 pressure, 1000 psig; reaction time, 1 hr. CTotal y i e l d  ofd 
depolymerized. THF-soluble products from sequential HT-BCD. Including 
ash and non-depolymerized coal. 

Table 2 

Yield o f  THF-Soluble Products from BCD o f  M i ld l y  Hydrotreated 
H(UT) Coal as a Function of the Temperature i n  the BCD Step 

Experiment no. 71 

HT stepa 

Temperature, O C  250 

5 FeC13 concentration, % by wt 

Yie ld  o f  THF-Sol ubles 
i n  the HT Step, % by ut 12.9 

BCD stepb 

Temperature, O C  250 

Total y i e l d  o f  
THF-Solubles. % by w t c  37.0 

Insoluble residued 63.0 

"'See corresponding footnotes a-d, Table 1. 

72 

250 

5 

12.5 

275 

59.4 

40.6 

74 73 

250 -- 
5 -- 

12.4 -- 

290 290 

72.6 45.7 

27.4 54.3 
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Table 3 

Elemental Composition of Depolymerized F(NM) and H(UT) Coals 
and o,f Hydrocarbon Products Derived from them i n  the HPR Step 

Element, X by w t .  

Carbon 

Hydrogen 

Nitrogen 

g Depolymerized Hydroprocesse 
coal a (HPR)  product 

F(NM) H(UT) F(NM) H(UT) 

77.71 77.35 88.38 88.97 

8.34 8.74 10.04 9.83 

0.93 0.50 0.35 0.21 

Sulfur 0.14 0.11 <0.01 <0.01 

Oxygen (by difference) 12.88 13.29 1.23 0.99 

'The depolymerized F(NM) coal sample was obtained by HT a t  250°C. 
followed by E D  at 275°C (see expt. 66, Table 1 ) ;  the depolymerized 
H ( U T )  coal sample was obtained by HT a t  250°C followed by BCD a t  290°C 
(see expt. 74. Table 2). 

bThe hydroprocessing (HPR) of the depolymerized coals was performed a t  
370°C and 2700 psig Hp pressure. using a sulfided 6C08Mo ca ta lys t  and 
mesitylene as a solvent (for procedure, see Experimental 1. 

Table 4 

B o i l i n g  Point Distribution of Depolymerized F(NM) and H(UT) 
Coals and of Hydrocarbon Products Derived from them 

by Hydroprocessing ( H P R )  

Fraction (b.p., "C) 
w t x  

Gasoline (<200°) 

Depol y y i  zed Hydroprocessed 
coal (HPR)C product 

F(NM) H(UT) F(NM) H ( U T )  

5.0 1.1 18.0 18.7 

Kerosene (200-275') 3.5 4.2 35.5 27.2 

Gas O i l  (275-325") 11.1 5.1 8.1 9.4 

Heavy Gas O i l  (325-400') 9.4 6.9 7.2 7.7 

Vacuum Gas O i l  (400-538") 12.7 5.7 10.6 13.9 

Total D i s t i l l ab l e  (<538") 41.8 23.0 79.4 76.9 

Atmospheric Residue (>350°) 75.6 87.0 36.3 42.2 

Vacuum Residue (>538"C) 58.2 77.0 20.6 23.1 

anoiling point d i s t r ibu t ions  were determined by simulated d i s t i l l a t i o n  
(see Experimental). bSee footnote a, Table 3. cSee footnote b. Table 3. 

I 
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I 

i n te rc lus te r  linkages involve as a f i r s t  necessary step r i n g  hydrogenation o f  a t  
l eas t  one aromatic r i n g  adjacent t o  the linkage, followed by C-0 o r  C-C 
hydrogenolysis, respect ively (3,6). 

Table 4 sumarizes the bo i l i ng  point d i s t r i bu t i on  o f  the depolymrized F(NM) 
and H(UT) coals, and o f  the hydrocarbon products derived from them i n  the HPR 
step. As seen, the oxygen-rich depolymerized coals are characterized by low 
v o l a t i l i t y ,  as re f lec ted  i n  a to ta l  proportion o f  d i s t i l l a b l e  components (<538"C) o f  
41.8% fo r  the F(NM) coal and 23.0% f o r  the H(UT) coal. The to ta l  proportion o f  
gasoline- plus kerosene- range fract ions i s  only 8.5% fo r  the depolymerized F(NM) 
coal, and 5.3% fo r  the depolymerized H(UT) coal. Hydroprocessing resu l t s  i n  a 
dramatic change i n  v o l a t i l i t y  as re f lec ted  i n  a combined y i e l d  of 61.6% o f  low- 
bo i l i ng  f ract ions (gasoline, kerosene, and gas o i l ;  b.p. up t o  325"C/760 t o r r )  f o r  
the product f ran  the F(NM) coal, and an y i e l d  o f  55.3% of such fract ions fo r  the 
product from the H(UT) coal. Those resu l ts  are s imi la r  t o  those previously reported 
for a lower rank Wyodak coal, and provide fu r ther  support for the above ou t l ined  
processing concept according t o  which pre feren t ia l  conversion of coals to l i g h t  
hydrocarbon o i l s  requires in-depth, low-temperature coal depolymerization t o  
monocl us te r  products, p r i o r  t o  hydroprocessi ng . 
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Figure 1. Low-Temperature Coal Depolymerization-Liquefaction 
Procedure. 
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Introduction 

The main objectives of this research are (1)  to investigate effects of 
heating rates on deactivation of catalysts, (2) to identify interactions 
between hydrogen donor solvents (HDS) and catalysts, (3) to study effects 
of initial temperatures on catalytic activities, and (4) to elucidate 
interactions between physical solvents and catalytic activities in the 
early stage of coal liquefaction. 

A series of liquefaction experiments were conducted for Kentucky #9 
coal (Ky #9 coal) without hydrogen donor solvents in the presence of 
presulfided fresh Shell 324 M catalyst, increasing liquefaction tempera- 
tures from 200OC O K  300OC up to 380oC and holding liquefaction temperatures 
at 380Oc for 15 min (s,?). Naphthalene (NAP) was hydrogenated with 
molecular hydrogen in the presenae of used catalysts to evaluate Catalytic 
activities of used catalysts. Liquefaction of Ky 119 coal decreases and 
catalytic activities increase, as heating rates increase, as shown in 
Figure 1. The initial liquefaction temperatures appear to affect lique- 
faction of Ky #9 coal in the presence of presulfided fresh Shell 324 M 
catalyst, whereas catalytic activities appear to be independent of the 
initial temperatures in the absence of hydrogen donor solvents. 

as a physical solvent, both liquefaction of Ky 119 coal and deactivation of 
Shell 324 M (NiMo) catalyst are less in the presence of Hex than 1-MN. 

the presence of both presulfided fresh Shell 324 M catalyst and various 
hydrogen donor solvents such as anthracene ( A N ) ,  9,lO-dihydroanthracene 
(DHA), phenanthrene(PN), 9,10-dihydrophenanthrene(DHP), quinoline(Q), and 
1,2,3,4-tetrahydroquinoline(THQ) (1, 2 ,  5, 1). The liquefaction tempera- 
ture was increased from 2OO0C or 3OOFC up to 38OOC in the heating rates 
of l-6cC/min. 

shown in Figures 3 through 6. The initial liquefaction temperatures appear 
to affect both liquefaction of Ky #9 coal and deactivation of Shell 324 M 
CatdySt ir? the early stage of liquefying Ky 119 coal in the presence of 
hydrogen donor solvents. Deactivation of Shell 324 M catalyst appears to 
decrease with increasing heating rates. On the other hand, the initial 
temperatures appear to affect liquefaction of Ky #9 coal and seem not to 
affect deactivation of Shell 324 M catalyst in the absence of hydrogen 
donor solvents. 

Experimental 

When hexadecane (HEX) was used instead of 1-methylnaphthalene (1-MN) 

Another series of liquefaction runs of Ky 19 coal were performed in 

Liquefaction of Ky 119 coal decreases, as heating rates increase, as 

Coal liquefaction runs were conducted, using Ky 119 coal. Either 
hexadecane or 1-MN was utilized as a physical solvent. A 13 cc, 316 
stainless steel microreactor was fed with 1 g coal, 0.1 g hydrogen donor 
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solvent, 2.9 g physical solvent, 0.1 g presulfided fresh Shell 324 M 
catalyst and 1200 psig hydrogen at room temperature, as shown in Table 1. 
0, THQ, AN, DHA, PN, and DHP were introduced in the reactor as hydrogen 
donor solvents. Liquefaction temperatures were increased from 200cc or 300' 
C up to 380OC and held at 38OOC for 15 min. 

ture, the reactor was quenched in cold water and the gaseous products were 
released. The liquid-and-solid liquefaction products as well as the used 
Catalyst were removed completely from the reactor by dissolving these 
liquefaction products with tetrahydrofuran(THF). The catalyst was 
Separated from the solid-and-liquid liquefaction products and then was 
washed with 200 cc THF by sonicating the spent catalyst in THF for 12 min. 

The liquefaction products were separated into a THF soluble fraction, 
a toluene-insoluble fraction and a cyclohexane-insoluble fraction to obtain 
a product distribution in terms of preasphaltene(PRA), asphaltene(ASP1 and 
oil-plus-water-plus-gas (OWG) (E).  

Naphthalene was hydrogenated with molecular hydrogen in the presence 
of the sonicated spent catalyst to examine deactivation of spent catalyst, 
as shown in Table 2. 

COnVeKSiOnS of hydrogen donor solvents were analyzed, using a gas 
chromatograph, equipped with a flame-ionization detector and an 8 ft. long, 
1/8 inch OD, SP 2100 packed column. 

Discussions 

Following coal liquefaction at the desired reaction time and tempera- 

A series of Ky 119 coal liquefaction runs were Carried out without 
hydrogen donor solvents, in the presence of presulfided fresh Shell 324 
(NiMo) catalyst, increasing liquefaction temperatures from 200oC OK 300OC 
up to 380OC and holding liquefaction temperatures at 38OOC for 15 min., as 
shown in Figure 1. 

off at high heating rates. Deactivation of catalyst also decreases with 
increasing heating rates. The initial temperatures appear to affect lique- 
faction of Ky #9 coal, whereas the initial temperatures do not appear to 
affect deactivation of catalyst in the early stage of liquefying Ky 119 coal 
in the absence of hydrogen donor solvents. Figure 1 shows that liquefac- 
tion of Ky 119 coal in the absence of HDS significantly takes,place at low 
heating rates and does not take place at high heating rates between 
liquefaction temperatures 2OOOC and 300OC. These data also suggest that 
deactivation of catalyst in the absence of HDS does not appear to occur 
significantly between liquefaction temperatures 200OC and 300OC. 

When hexadecane as a physical solvent was used instead of 1-MN, both 
liquefaction of Ky #9 coal and deactivation of catalyst were lower in the 
presence of hexadecane than 1-MN in liquefying Ky 119 coal in the absence 
of hydrogen donor solvents, as shown in Figure 1. These facts may indicate 
that both liquefaction of Ky 19 coal and deactivation of catalyst in the 
absence of HDS are affected by physical solvents. 

Another series of coal liquefaction runs of Ky 119 coal were carried 
out in the presence of both presulfided fresh Shell 324 M catalyst and 
various hydrogen donor solvents such as AN, DHA, PN, DHP, 9, and THO, using 
1-MN as a physical solvent. The liquefaction temperature was increased 
from 2OOOC or 3OOOC up to 38OCC in the heating rates of l-60C/min, as shown 
in Figures 2 through 6. 

Both liquefaction of Ky 119 coal and deactivation of catalyst decrease 
with increasing heating rates. The initial temperatures affect both 
liquefaction of Ky #9 coal and deactivation of catalyst in the presence of 
HDS. These observations may explain that both liquefaction of Ky #9 coal 
and deactivation of catalyst take place in the presence of HDS between 

Coal liquefaction decreases with increasing heating rates and levels 
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l i q u e f a c t i o n  t e m p e r a t u r e s  
Kv #9 c o a l  was l i a u e  

200OC and 300oC. 
i e d  more i n  t h e  p r e s e n c e  of h y d r o a r o m a t i c s  uch 

a s  DHA-and DHP t h a n  co;responding aromat ic ;  such  a s  AN and PN between l i q -  
u e f a c t i o n  t e m p e r a t u r e s  2 O O O C  and 300OC, a s  shown i n  F i g u r e s  2 ,  3 and 6.  
These  f a c t s  may e l u c i d a t e  t h a t  a v a i l a b i l i t y  of d o n a t i v e  hydrogen from 
hydrogen d o n o r  s o l v e n t s  is q u i t e  i m p o r t a n t  i n  t h e  e a r l y  s t a g e  of  l i q u e f y i n g  
Ky # 9  c o a l  i n  t h e  p r e s e n c e  of  N i M o  c a t a l y s t  ( 3 ) .  

o f  l i q u e f y i n g  Ky #9 c o a l  i n  t h e  p r e s e n c e  of HDS between l i q u e f a c t i o n  
t e m p e r a t u r e s  2OOOC and 300@C, a s  shown i n  F i g u r e s  2 t h r o u g h  6 ,  whereas  
d e a c t i v a t i o n  of  c a t a l y s t  d o e s  not  appear  t o  t a k e  p l a c e  i n  t h e  e a r l y  s t a g e  
of  l i q u e f y i n g  Ky #9 c o a l  i n  t h e  absence  of  HDS between l i q u e f a c t i o n  temp- 
e r a t u r e s  200@C and 300@C, a s  shown i n  F i g u r e  1. These f a c t s  may i n d i c a t e  
t h a t  hydrogen donor  s o l v e n t  i t s e l f  a p p e a r s  t o  c o n t r i b u t e  t o  d e a c t i v a t i o n  Of 
c a t a l y s t  i n  t h e  e a r l y  s t a g e  of  l i q u e f y i n g  Ky # 9  c o a l .  

i n c r e a s i n g  h e a t i n g  r a t e s  t h a n  t h a t  i n  t h e  p r e s e n c e  of THQ. D e a c t i v a t i o n  of 
c a t a l y s t  i n  t h e  p r e s e n c e  of Q d e c r e a s e s  w i t h  i n c r e a s i n g  h e a t i n g  r a t e s ,  
whereas  d e a c t i v a t i o n  of  c a t a l y s t  i n  t h e  p r e s e n c e  of THQ d e c r e a s e s  and t h e n  
i n c r e a s e s  w i t h  i n c r e a s i n g  h e a t i n g  rates, a s  shown i n  F i g u r e s  4 and 5. T h i s  
o b s e r v a t i o n  may s u g g e s t  t h a t  THO a s  a hydrogen donor  s o l v e n t  a p p e a r s  t o  
p o i s o n  c a t a l y s t  a t  h i g h  h e a t i n g  r a t e s  i n  t h e  e a r l y  s t a g e  of l i q u e f y i n g  Ky 
#9 c o a l .  

c o a l  were compared on  a THF-solubles-vs-heat ing r a t e s  p l o t ,  as shown i n  
F i g u r e  6 .  The THF s o l u b l e s - v s - h e a t i n g  r a t e s  c u r v e s  f o r  AN, DHA, Q and THO 
a r e  concave upward,  whereas  THF-soluble-vs-heat ing r a t e s  c u r v e s  f o r  PN and 
DHP a r e  concave  downward. E f f e c t s  of  h e a t i n g  r a t e s  on l i q u e f a c t i o n  o f  Ky 
#9 c o a l  i n  t h e  p r e s e n c e  of q u i n o l i n e  a p p e a r  t o  be l e a s t  among o t h e r s .  
These o b s e r v a t i o n s  may i n d i c a t e  t h a t  c h a r a c t e r i s t i c  p l o t s  of 
THF-solubles-vs-heat  i n g  r a t e s  d a t a  a r e  dependent  on t y p e s  of  hydrogen donor  
s o l v e n t s  i n  t h e  e a r l y  s t a g e  of  l i q u e f y i n g  Ky # 9  c o a l  i n  t h e  p r e s e n c e  of  
S h e l l  324 M ( N i M o )  c a t a l y s t .  

D e a c t i v a t i o n  of c a t a l y s t  s i g n i f i c a n t l y  tFkes p l a c e  i n  t h e  e a r l y  S t a g e  

L i q u e f a c t i o n  o f  Ky #9 c o a l  i n  t h e  p r e s e n c e  of Q d e c r e a s e s  less w i t h  

E f f e c t s  of v a r i o u s  hydrogen donor  s o l v e n t s  o n  l i q u e f a c t i o n  o f  Ky 19 

C o n c l u s i o n s  

The f o l l o w i n g  c o n c l u s i o n s  were made on t h e  b a s i s  of  t h e  a v a i l a b l e  d a t a  
i n  t h i s  r e s e a r c h .  

. I n i t i a l  t e m p e r a t u r e s  a p p e a r  t o  a f f e c t  l i q u e f a c t i o n - o f  Ky 
#9 c o a l ,  whereas  i n i t i a l  t e m p e r a t u r e s  d o  n o t  a p p e a r  t o  
a f f e c t  d e a c t i v a t i o n  of  S h e l l  324 M ( N i M o )  c a t a l y s t  i n  t h e  e a r l y  
s t a g e  o f  l i q u e f y i n g  Ky #9 c o a l  i n  t h e  a b s e n c e  of hydrogen donor  
s o l v e n t s  ( S e e  F i g u r e  1)  

. P h y s i c a l  s o l v e n t  i t s e l f  a p p e a r s  t o  a f f e c t  bo th  c o a l  l i q u e f a c t i o n  and 
c a t a l y t i c  d e a c t i v a t i o n  i n  t h e  e a r l y  s t a g e  of  l i q u e f y i n g  Ky #9 c o a l  
i n  t h e  a b s e n c e  of  HDS. (See  F i g u r e  1) 

. I n i t i a l  t e m p e r a t u r e s  a f f e c t  b o t h  c o a l  l i q u e f a c t i o n  and c a t a l y t i c  
d e a c t i v a t i o n  i n  t h e  e a r l y  s t a g e  of l i q u e f y i n g  Ky 119 c o a l  i n  t h e  
p r e s e n c e  o f  HDS. ( S e e  F i g u r e s  2 t h r o u g h  5 )  

. Hydrogen d o n o r  s o l v e n t  i t s e l f  a p p e a r s  to c o n t r i b u t e  t o  c a t a l y t i c  
d e a c t i v a t i o n  i n  t h e  e a r l y  s t a g e  of l i q u e f y i n g  Ky (19 c o a l .  ( S e e  
F i g u r e s  1 v s  F i g u r e s  2 through 5 )  

. C h a r a c t e r i s t i c  p l o t s  of  THF-soluble-vs-heating-rate d a t a  a r e  depen- 
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dent on types of hydrogen donor solvents in the early stage of 
liquefying Ky #9 coal in the presence of Shell 324 M (NiMo) 
catalyst 

. Quinoline behaves as a hydrogen donor solvent least sensitive to 
heating rates among others and THQ appears to poison catalyst at 
high heating rates in the early stage of liquefying Ky 89 coal in 
the presence of Shell 324 M (NiMo) catalyst and 1-MN as a physical 
solvent 

. Coal liquefaction as well as catalytic deactivation can be identi- 
fied, estimated and compared over a desired temperature range Of 
coal liquefaction by liquefying coals at nonisothermal liquefaction 
temperatures 
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T a b l e  1 

L i q u e f a c t i o n  C o n d i t i o n s  o f  Ky #9 Coal 

I n i t i a l  T e m p e r a t u r e s  ( 1 . T . )  ( O C ) :  

F i n a l  T e m p e r a t u r e  ( " C ) :  

H e a t i n g  Rate (OC/Min) 

L i q u e f a c t i o n  D u r a t i o n  
a t  38OoC (Min)  

200 o r  300  

380 

1-6 

0 o r  1 5  

Reactor C h a r g e  

H y d r o g e n ( H 2 )  : 1 2 0 0  p s i g  a t  room t e m p e r a t u r e  

Coal : l g  

P h y s i c a l  S o l v e n t  : 2.9 g o r  3 g 1 - M e t h y l n a p h t h a l e n e  
o r  3 g Hexadecane  

Hydrogen  Donor 
So 1 v e n t  : 0 . 1  g 

P r e s u l f i d e d  
F r e s h  S h e l l  
324 M C a t a l y s t  : 0 . 1  g 

T a b l e  2 

R e a c t i o n  C o n d i t i o n s  o f  E v a l u a t i n g  D e a c t i v a t i o n  of  C a t a l y s t  

R e a c t i o n  T e m p e r a t u r e  : 380'C 

R e a c t i o n  D u r a t i o n  : 1 5  min .  

R e a c t o r  Charge  

N a p h t h a l e n e  : 0 . 1  g 

Hydrogen  : 1 2 0 0  p s i g  a t  room t e m p e r a t u r e  

U s e d  C a t a l y s t  : 0 . 1  g 

H e x a d e c a n e  : 2.9 g 

28 



Conversion of Naphthalene THF - Soluble (U I, IIRF) 
(U %) 

! 

1 

i 

Conversion of Naphthalene 
( W  I) 

% S S S  
I I I I 

0 p 
THF - Soluble ( W  1. WF) 

N 0 S g g  
1 I I I 

C' 

0'' - 
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Convers 1 on o f  Naphtha 1 ene 
(U I )  

THF - Soluble ( W  1. MAF) 

N a 3 8  
I I I I 

Conversion o f  Naphthalene THF - Soluble ( W  %, WIF) 
(U 2) 

I 
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Conversion o f  Naphthalene 
(U I )  

I 
I 

i 

THF - Soluble (U 1. PAF) 

B 8 Z e :  

0 0  

THF - Soluble ( W  I .  PAF) 
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MODERATE TEMPERATURE COAL HYDROGENATION 
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Rockwell I n te rna t i ona l ,  Rocketdyne D i v i s i o n  
6633 Canoga Avenue, Canoga Park, CA, 91304, U.S.A. 

INTRODUCTION 

A wel l -def ined c o r r e l a t i o n  among coal  s t ruc tu re ,  t n e  r e a c t i o n  cond i t i ons  o f  
l i que fac t i on ,  and t h e  composit ion o f  t h e  products i s  an impor tant  fundamental 
o b j e c t i v e  o f  coal l i q u e f a c t i o n  research. 
because o f  t h e  g rea t  complex i ty  o f  t he  coal s t r u c t u r e  and because o f  t he  many s ide  
react ions t h a t  occur a t  comnercial l i q u e f a c t i o n  temperatures. Such s ide  reac t i ons  
i nc lude  thermal fragmentation, and t h e  condensation o r  po lymer izat ion o f  r e a c t i v e  
in termediates,  which r e s u l t  i n  gas and coke formation. 

Addi t ional  compl icat ions a re  caused by the  use o f  a donor so l ven t  i n  most 
coal  l i q u e f a c t i o n  processes. Tne donor so l ven t  i n t e r f e r e s  w i t h  t h e  i n v e s t i g a t i n g  
o f  t h e  reac t i on  chemist ry  and analyz ing o f  t h e  r e a c t i o n  products by forming 
adducts wi th the  coal -der ived intermediates. Furthermore, i t  i s  d i f f i c u l t  t o  
cha rac te r i ze  separate ly  the donor so lvent  and i t s  d e r i v a t i v e s  i n  t h e  complex 
product  mix ture.  A t  moderate reac t i on  temperatures, i n t e r n a l  hydrogen rearrange- 
ment may p l a y  a r e l a t i v e l y  more s i g n i f i c a n t  r o l e  i n  r a d i c a l  s t a b i l i z a t i o n .  
Consequently, hydrogenating coal w i t h  gas-phase hydrogen and w i thou t  a donor 
so lvent  o f f e r s  s i g n i f i c a n t  advantages i n  understanding the mechanisms t h a t  occur. 

The r e a c t i o n  o f  coa l  w i t h  HZ has been inves t i ga ted  i n  t h e  temperature range 
o f  400 t o  5GO'C (1 ) .  
react ions t h a t  l e a d  t o  gas and coke format ion a re  f a s t  and take p lace i n d i s c r i m i -  
nate ly .  The oD jec t i ve  o f  t h i s  research was t o  explore hydrogenation a t  lower  
temperatures where t h e  thermal side reac t i ons  are l e s s  extensive. 

Th is  o b j e c t i v e  has been very e lus i ve  

A t  these temperatures, however, crack ing and condensation 

EXPERIMENTAL 

The hydrogenation experiments were conducted i n  a 1 - l i t e r  s t i r r e d  autoclave 
equipped w i t h  a l i n e r  ana a s p e c i f i c a l l y  designed anchor-type impe l l e r .  It i s  
essen t ia l  t o  use a p roper l y  designed i m p e l l e r  i n  t h i s  r e a c t i o n  t o  improve gas- 
s o l i d  con tac t  and mass t r a n s f e r ,  p a r t i c u l a r l y  du r ing  the i n i t i a l  so f ten ing  o f  t he  
coal p a r t i c l e s ,  wnen cak ing can occur. A l i n e r  made o f  Inconel 600 and an 
impe l l e r  made o f  316 SS were used i n  Experiments 1A through 1E and i n  Experi- 
ment 2. The l i n e r  and i m p e l l e r  were coated w i t h  g lass f o r  Experiments 3 and 4 t o  
e l im ina te  t h e  c a t a l y t i c  e f f e c t  o f  t h e  metal surface. 
h ign  v o l a t i l e  bituminous coa l  was used. The coal  was ground t o  -200 mesh and 
d r i e d  a t  115°C i n  vacuo be fo re  use. 

c o a l s  o f  s l i g h t l y  d i f f e r e n t  rank. 
gate reac t i ons  i n  t h e  275 t o  325'C range us ing  1-h and 48-h r e a c t i o n  times. The 
o b j e c t i v e  o f  t he  second s e t  was t o  explore the  e f f e c t  o f  coal rank and two cata- 
l y s t s  on coal  conversion and product o i l  c h a r a c t e r i s t i c s .  Reaction parameters 
were se lected on t n e  bas i s  o f  the r e s u l t s  o f  t he  f i r s t  s e t  o f  experiments. 

I n  each experiment, 25 g o f  

Two se ts  of hydrogenation experiments were conducted us ing two bituminous 
The o b j e c t i v e  o f  the f i r s t  s e t  was t o  i n v e s t i -  
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Tne f i r s t  s e t  was conducted u s i n g  a P i t t s b u r g h  seam bituminous coal of the 
following composition I%, daf):  
coal contained 11.2% ash. The second s e t  was conducted a t  325°C using reaction 
times of 48 h. A Pittsburgh seam bituminous coal of somewhat h ighe r  rank was used 
i n  these experiments. 
follows: C:82.1, H:5.9, S:3.3, N:l.b, and 0:7.1. The ash content of the  dry coal 
was 8.2%. 

Each experiment was conducted a t  a hydrogen pressure of approximately 
20.7 MPa. 
ated product was Soxhlet-extracted w i t h  benzene. The benzene solution was con- 
centrated by d i s t i l l a t i on  and then poured in to  excess hexane t o  precipitate the 
asphaltenes. 
evaporated t o  recover the o i l  fraction. Tne benzene-insoluble residue was 
Soxhlet-extracted w i t n  THF and separated in to  a THF-soluble fraction and a n  insol- 
uble residue. T h i s  procedure was based on a separation method recommended by Mima 
e t  a1 ( 2 ) .  The solvent-separated fractions were analyzed fo r  elemental composi- 
t i o n .  A detailed characterization of the product o i l s  was made using simulated 
d i s t i l l a t i on ,  vapor phase osmometry, f i e l d  ionization mass Spectrometry (FIMS), 
and proton nuclear magnetic resondnce (NrvlR) spectrometry. 

C:80.1, H:5.1, S : 3 . 6 ,  N:l.b, and 0:9.6. The dry 

The elemental composition of t h i s  coal (%, daf)  was as  

After the product gases had been measured and analyzed, the hydrogen- 

After f i l t r a t i o n ,  the hexane solution was d i s t i l l e d  and the  hexane 

RESULTS AplD OISCUSSION 

Tne t e s t  conditions and product y i e l d s  of the f i r s t  s e t  of experiments a re  
presented i n  Table 1 .  
chemical analysis in a 1-n reaction period a t  the lowest t e s t  temperature (275OC). 
The appearance of tne dry powder product very closely resembled tha t  of the s t a r t -  
i n g  coal. Most of t h 2  gas products consisted of carDon oxides; tne gaseous nydro- 
carbon (CH4) y ie lo  was only 0.04%. 
of the THF-soluble ex t rac t  increased from 5% t o  8%. 
been presented el sewhere ( 3 ) .  

t ha t  a s ign i f icant  H-exchange had taken place a t  275°C. 
( 1 H )  i n  the coal was replaced by deuterium (2H or D ) .  
sizable increase i n  the THF solubili ty a l so  was observed. 
product was a shiny black solid,  and there were significant increases i n  the THE 
solubili ty.  Finally,  when the reaction time was increased to  48 h a t  325OC. the 
THF so lubi l i ty  of the product increased t o  77%. Of t h i s  amount, 72% was hexane- 
soluble o i l  (daf coal basis) .  The fraction of gaseous products increased only 
s l igh t ly  as  the temperature was increased from 275 to  325"C, and the reaction time 
increased from 1 h to  48 h. This indicates t ha t  the product l iqu ids  were s tab le  
under these experimental conditions. The structural  characterization of the 
product o i l  from t h i s  l a s t  experiment a t  325°C f o r  48 h i s  discussed below. 

The product y ie lds  from the second s e t  of experiments ( 2  through 4 )  a re  
l i s t ed  i n  Table 2. 
rank and two selected ca ta ly t ic  conditions on coal conversion and product oil  
characterist ics.  
coal (Experiment 1E) fo r  comparison. 
show t ha t  the lower rank coal used i n  Experiment 1E was much more reactive,  
particularly w i t h  regard t o  the conversion of the asphaltenes to  o i l .  

Very l i t t l e  reaction was observed by visual inspection or 

Lompareo w i t n  the s t a r t i ng  coal,  tne  amount 
Some of tnese resu l t s  have 

An experiment made using O2 under the same conditions (IS), however, showed 
About 15% of the protium 

A t  310 t o  325"C, the 
In this experiment, a 

These experiments were designed t o  t e s t  the e f f ec t  of coal 

Table 2 a lso  includes the product y ie lds  from the lower rank  
The product y ie lds  from Experiments 1 E  and 2 
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The evaluation of Experiments 2 and 3 shows tha t  the autoclave's metal sur- 
faces have a strong ca t a ly t i c  e f f ec t  on o i l  production. 
ment 4 indicate t h a t  nickel very effectively catalyzes the conversion of coal t o  
soluble products b u t  i s  somewhat less  effective than the autoclave surfaces i n  
catalyzing o i l  production. Gas formation was remarkably low i n  every experiment. 
I t  appears t h a t  gas formation i s  proportional t o  o i l  production; the gas y i e ld  was 
approximately 10% of the o i l  yield.  i n  each experiment. 

The elemental composition of the o i l  products i s  given i n  Table 3. 
atomic r a t io s  varied from 1.13 t o  1.24, and the o i l  from the nickel-catalyzed 
reaction had the highest value. The o i l  produced from lower rank coal (Experi- 
ment 1E) had the same H/C r a t i o  a s  the o i l  product from the  higher ranking coal 
(Experinent 2). even though the  o i l  y ie ld  in Experiment 1E was 50% higher. The 
oil '  from Experiment 1E had a significantly lower oxygen content than the o i l  from 
Experiment 2. This difference may indicate tha t  the cleavage of certain C-0 bonds 
has an important ro le  i n  o i l  formation. 

The hydrogen-type d is t r ibu t ions  of the o i l  products were determined by proton 
tdMR spectroscopy. Figure 1 shows the spectrum of the o i l  from Experiment 1E as  an 
example. The integration r e su l t s  are presented i n  Table 4. In agreement w i t h  the 
elemental analysis da ta ,  the NMR integration values show t h a t  the o i l  made by 
nickel ca ta lys i s  (Experiment 4)  had significantly more saturated structures than 
the o i l  formed via ca t a ly t i c  e f f e c t  of the  autoclave surfaces (Experiment 2). 
These resu l t s  plus the  f a c t  t h a t  the o i l  yield was greater i n  Experiment 2 than in 
Experiment 4 indicate t h a t  the ca ta ly t ic  e f fec t  of the autoclave surfaces prefer- 
en t ia l ly  catalyzed hydrocracking reactions leading t o  o i l  formation, while nickel 
ca ta lys i s  resulted i n  more hydrogen uptake leading t o  the  formation of saturated 
structures.  

The o i l  products from Experiments 2 through 4 were fur ther  characterized by 
simulated d i s t i l l a t i o n  and by FIMS. The data indicate t h a t  there i s  close simi- 
l a r i t y  between the s t ruc tura l  features of the o i l s  from Experiments 2 and 3. The 
presence of several homologous ser ies  (such a s  alkyl derivatives of phenol, 
diphenyl/acenaphthene, and pyrene) h a s  been indicated in these o i l  products. The 
product o i l  from the nickel-catalyzed hydrogenation i s  quite d i f fe ren t  i n  t h a t  the 
data indicated the presence of more hydrogenated ring structures i n  it. 

The hydrogen type d is t r ibu t ions  of an o i l  f rac t ion  obtained by moderate 
temperature hydrogenation and of d i s t i l l ed  o i l  f rac t ions  of ex t rac t  and process 
solvent samples from an integrated two-stage l iquefaction p i lo t  plant,  a r e  com- 
pared i n  Table 5. The o i l  from moderate temperature hydrogenation i s  much l e s s  
aromatic and contains more saturated structures than the p i l o t  plant products, 
which were produced a t  s ign i f icant ly  higher temperatures. 

The resu l t s  of Experi- 

The H/C 

SUMMRY AND CONCLUSIONS 

Hydroliquefaction of two bituminous coals was explored t o  obtain information 
on the  chemistry of l iquefaction. Tests were conducted i n  the temperature range 
of 275 t o  325°C and a t  20.7 MPa hydrogen pressure. No donor solvent was added t o  
the reactant t o  simplify product analysis and the evaluation of the  resu l t s .  The 
resu l t s  and conclusions a re  summarized below: 

1.  Exploratory tests showed tha t  a t  a l iquefaction temperature of 325°C. 
h i g h  conversion t o  o i l  can be obtained with few side reactions result ing 
i n  gas or coke formation. Therefore, th is  temperature was selected t o  
explore fur ther  the ef fec t  of coal rank and ca ta lys i s  on coal conversion. 
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2. O f  the two bituminous coa ls  tested, t he  lower  rank coal (C = 80%) was 
much more r e a c t i v e  and gave 50% h igher  o i l  y i e l d  than the h ighe r  rank 
coal  (C = 82%). 

It was shown i n  experiments made wi th  the h ighe r  rank coal (C = 82%) 
t h a t  the metal components o f  the autoc lave ( l i n e r  and i m p e l l e r )  had a 
s t rong c a t a l y t i c  e f f e c t  on the  l i q u e f a c t i o n  react ion.  When t h e  metal 
p a r t s  o f  t he  autoc lave were replaced w i t h  a glass-coated l i n e r  and 
impel ler ,  t he  o i l  y i e l d  was reduced from 48% t o  19%. 

Ca ta l ys i s  by n i c k e l ,  app l i ed  as n i c k e l  acetate impregnated i n t o  the  
coal ,  gave s i g n i f i c a n t l y  d i f f e r e n t  r e s u l t s  from those obta ined i n  t h e  
me ta l - l i ned  reac to r .  
us ing the  n i c k e l  c a t a l y s t  (94% versus 87%). However, n i cke l  c a t a l y s i s  
gave lower convers ion t o  o i l  (40% versus 48%). 

The o i l  produced i n  t h e  n icke l -cata lyzed hydrogenation was s i g n i f i c a n t l y  
more a l i p h a t i c  i n  cha rac te r  than t h e  product  from t h e  meta l -sur face 
cata lyzed react ions.  The a l i p h a t i c  t o  aromatic proton r a t i o s  were 83/17 
and 74/26, respec t i ve l y .  
h ighe r  ( B  + Y )/a a l i p h a t i c  proton r a t i o  than the  meta l -cata lyzed product  
(55/28 versus 43/32). These data i n d i c a t e  t h a t  n i c k e l  c a t a l y s i s  
s t rong ly  promoted hydrogenation o f  aromatic r i n g s  wh i l e  the metal 
components more e f f e c t i v e l y  cata lyzed hydrocracking react ions,  which 
r e s u l t e d  i n  o i l  formation. 

The o i l  y i e l d s  were 72% and 48%, respect ive ly .  

3. 

4. 

Overa l l  conversion t o  so lub le  products was h ighe r  

5. 

A l s o ,  t h e  n i cke l - ca ta l yzed  product  had a much 
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TABLE 1 

TEST CONDITIONS AND PRODUCT YIELDS 
~~ 

Conversion 
( %  da f  Coal) 

Temperature Pressure Time THF Product 
Experiment ("C) (Wa)  (h) Gas Soluble Appearance 

Untreated coa l  - - - 5  Dry powder 
1A 272 20.0 1.0 0.4 8 Dry powder 
16 (D2) 271 20.3 1.0 0.3 15 Dry powder 
1c 31 0 20.7 1.0 1.0 22 Black s o l i d  
10 325 19.3 1.0 1.7 29 Shiny b lack s o l i d  
1E 325 19.3 48.0 5.8 77a Thick dark o i l  

aMost o f  t h i s  THF-soluble product  was hexane-soluble o i l  (72% based on d a f  coal ) .  

TABLE 2 
PRODUCT DISTRIBUTIONS FROM MODERATE TERERATURE 

LIQUEFACTION EXPERIMENTS~.~ 

Experiment 1E 2 3 4 

Coal rank % C, daf  80 82 82 82 
% 0 da f  9.6 7.1 7.1 7.1 

C a t a l y s t  Yes Yes No Yes 
(L ine r /  ( L i  n e r l  (Nickel -  
impel 1 e r  ) impel 1 e r  ) acetate)  

Conversion 84 87 80 94 
Product y i e l d s :  

Gas 6 4 3 4 
o i  1 72 48 19 40 
Asphal tene 6 18 33 28 
Preasphal t ene  1 17 25 22 
Re s i  due 16 13 20 6 

a A l l  hydrogenation experiments inade a t  325"C, -20 R a ,  and 
busing 48-h r e a c t i o n  time. 

Percent  on l oss - f ree ,  daf-basis. 
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TABLE 3 
ELEMENTAL COMPOSITIONS OF PRODUCT LIQUIDS 

Composition (ut .  $1 

Sample C H N 0 S Total H/C 

Experiment l E ,  o i l  88.2 8.4 1.1 1.8 0.6 100.1 1.14 
Experiment 2, 

d i s t i l l e d  l i q u i d  86.3 8.1 1.2 3.6 0.4 99.6 1.13 
Expermiment 2, o i l  86.1 8.2 0.9 4.2 0.4 99.8 1.14 
Experiment 3, o i l  87.2 8.6 0.8 2.7 0.7 100.0 1.18 
Experiment 4, o i l  86.5 8.9 0.9 2.7 0.6 99.6 1.24 

TABLE 4 
PROTON NMR INTEGRATION VALUES 

Experiment Number 

Hydrogen Type 

Chemical 
S h i f t  
(PPml 

Hydrogen-Type D i s t r i b u t i o n  ( % I  
1E 2 2 3 4 

( O i l )  (L iqu id )  ( O i l )  ( O i l )  ( O i l )  

Condensed aromatic, 
4+ r i n g s  

Condensed aromatic, 
2-3 r ings  

Aromatic s ing le  
r i n g  

Phenolic OH 
a2-a1 i p h a t i c  
a -a l iphat ic  
O-a1 i p h a t i c  
Y-al iphat ic 

7.85 

7.2-7.85 

6.8-7.2 
6.3-6.8 
3.7-4.2 
2 .O-3.7 
1 .o-2.0 
0.5-1 .O 

4.0 2.5 3.1 1.5 1.4 

10.1 10.4 10.5 7.7 6.4 

4.7 6.7 6.6 6.8 5.4 
1.4 5.2 7.2a 2.8 3.1 
1.8 2.1 0.9 1.1 0.6 

33.9 30.7 29.7 32.3 28.5 
35.4 34.4 33.2 36.9 39.3 
8.7 8.0 8.8 10.9 15.3 

~~ 

aIncludes 2.3% cont r ibu t ion  from 4.2 t o  5.2-ppm region. 
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TABLE 5 

OF HYDROGEN TYPES 
MODERATE TEMPERATURE VS TWO-STAGE LIQUEFACTION-CORARISON 

Hydrogen Distr ibut ion ( % I  

Single A1 iphat ics  
Y i e l d  Condensed Ring 

O i l  Product From ( X )  Aromatic Aromatic a I3 Y 

Moderate temperature 

Two-stage 1 i quef actionb 
1 iquefactiona 72 14 6 36 35 9 

ExtractC 41 27 14 28 29 4 
Process solventc 48 26 10  24 35 3 

:Pittsburgh seam c o a l ,  C = 80.1% 
I l l i n o i s  No. 6 coal ,  C = 79.2% (from Ref. 4 )  

C - ~ ~ G O C  d i  s t i i  a t e  

T 

I 
/ 
/ 
/ 

7.22 CHC13 / 

I i i i i i l i  
10 8 6 4 2 Q (ppm) 

CHEMICAL SHIFT (6) 

I 
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COAL PROCESSING I N  NON-DISSOLVING MEDIA 

Myron Kaufman, W. C. L. Jamison. S. Gandhi and Dennis L i o t t a  

Department of Chemistry, Emory Universi ty .  Atlanta .  Georgia 30322 

In t roduct ion  

I f  coa l  is contacted with an organic  reagent  i n  a medium i n  which t h e  reagent  is 
marginal ly  so luble ,  there  may be a tendency f o r  t h e  reagent  t o  t r a n s f e r  t o  t h e  pores 
and sur faces  of t h e  coa l ,  where i t  has  maximum u t i l i t y  f o r  r e a c t i o n s  which cleave the 
coa l  macromolecular network. Thus, i n  such media i t  may be poss ib le  t o  employ lower 
concentrat ions of reagents  than would be required i n  t o t a l l y  so luble  systems. I f ,  i n  
addi t ion ,  coa l  fragments a r e  inso luble  i n  the  processing medium, t h e  c o a l  p a r t i c l e s  
w i l l  be recovered i n t a c t  a f t e r  processing. The reagent  can then be washed from t h e  
coa l ,  and coa l  conversion assessed a s  s o l u b i l i t y  i n  a s tandard so lvent .  
reagent i s  not  present  when s o l u b i l i t y  is measured, conversion should be independent 
of the  so lvent  p r o p e r t i e s  of the  reagent ,  and only dependent on i t s  a b i l i t y  t o  break 
bonds during processing. In  OUT work. we have focused on t h e  reagent 1,2,3,4-tetra- 
hydroquinoline (THQ). which has  t h e  unusual a b i l i t y  t o  d i s r u p t  coa l  macromolecules 
under mild condi t ions (20O-25O0C). A number of previous workers have commented on 
the  e f f i c a c y  of THQ as a coa l  solvent  and have a t t r i b u t e d  i t  t o  e i t h e r  t h e  b a s i c i t y  o r  
the  hydrogen-donating property of t h i s  molecule (1-3). 
media, perf luorocarbon l i q u i d s  and water ,  have been employed i n  our  s t u d i e s .  

S ince  t h e  

Two types  of non-dissolving 

Experimental 

The peKflUOrOCaKbOn l i q u i d s  used i n  our experiments a r e  t y p i f i e d  by FC-70 (3M 
Corp.). a mixture of per f luor ina ted  t e r t i a r y  a l i p h a t i c  amines, wi th  a b o i l i n g  point  
of 215'C. and CO, bu t  very low room 
temperature s o l u b i l i t y  f o r  both polar  and nonpolar organ3c molecules. Recently, we 
have performed some experiments i n  water ,  which is a n  i n t e r e s t i n g  medium, s i n c e  i t s  
s o l u b i l i t y  p r o p e r t i e s  can be var ied  by ad jus t ing  pH. 

FC-70 has high s o l u b i l i t y  f o r  gases  such as H 

Three very d i f f e r e n t  coa ls ,  with t h e  p r o p e r t i e s  given i n  Table 1. a r e  used i n  
OUK experiments. 
heated i n  a s t a i n l e s s  tubing bomb under 8 MPa of H2. Detai led procedures f o r  carrying 
out the  reac t ions  and f o r  removal of THQ before  measuring t h e  pyr id ine  s o l u b i l i t y  of 
t h e  coa l  have been given (4.5). Model compound s t u d i e s  were c a r r i e d  out  i n  FC-70 with 
roughly equal  weights of the  model compound and THQ (or  o ther  reagent) .  
rence and na ture  of r e a c t i o n  was assessed by t h i n  l a y e r  chromatography and 90 MHz 

Typical ly ,  0.59 of coa l ,  0.lg of  THQ and 7 m l  of FC-70 o r  w a t e r  a r e  

The occur- 

proton NMR. 

PSOC Designation 

Moisture ( X )  
Ash ( X  on dry b a s i s )  
V o l a t i l e  Matter ( X  MAF) 
c ( X M A F )  
H ( X  MAF) 
N ( X  MAF) 
S ( X  MAF) 
0 (by d i f fe rence)  

Table 1. Coal P r o p e r t i e s  

1104 - 
1.95 
3.43 

43.83 
84.47 
5.66 
1.46 
1.86 
6.48 

247 - 
30.36 
11.29 
46.22 
74.44 
4.93 
1.49 
0.53 
18.61 

1104 - HVA bituminous coa l  from Elkhorn #3 Seam 
247 - North Dakota l i g n i t e  A from Noonan Seam 
1098 - I l l i n o i s  86 coal  

1098 

4.19 
15.86 
41.78 
80.20 
5.73 
5.73 
4.73 
7.89 

- 
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Resul t s  

As previously repor ted ,  t h e  pyr id ine  s o l u b i l i t i e s  of th ree  very d i f f e r e n t  coa ls  
were increased t o  33-35% by long-term (18 hour) hea t ing  a t  25OoC with THQ i n  FF-70. 
For each coa l ,  the  k i n e t i c s  were f i r s t - o r d e r  with r a t e  constant  of ca. 0.6 h r  , and 
not mass-transport l i m i t e d ,  a s  ind ica ted  by l a c k  of dependence on p a r t i c l e  s i z e .  A 
number of o ther  reagents  were evaluated concerning t h e i r  a b i l i t y  t o  increase  coa l  
conversion under the  mild condi t ions  employed i n  these  experiments. Quinoline, 
diethylamine, t r ie thylamine ,  ethylenediamine and t e t r a l i n  a l l  produced less than 6% 
increase i n  the pyr id ine  s o l u b i l i t y  of a bituminous c o a l  heated a t  25OoC f o r  4 hours, 
while THQ produced almost a 20% increase  under these  condi t ions.  

I n  order  t o  determine t h e  na ture  of the bonds i n  c o a l  t h a t  were being cleaved by 
THQ under our  mild condi t ions ,  a number of model compounds were heated with THQ in  
FC-70 under condi t ions i d e n t i c a l  t o  our coa l  experiments. These model compounds 
consis ted of phenyl groups connected by var ious  l inkages  t h a t  have been discussed as 
being of some importance i n  the  coa l  macromolecular s t r u c t u r e .  The r e s u l t s  of these  
s t u d i e s  a r e  given i n  Table 2. For t h e  two model compounds f o r  which r e a c t i o n  w a s  
noted (diphenyldisulf ide and phenyl benzoate), t h e  r e a c t i o n s  with t e t r a l i n  and 
diethylamine were a l s o  inves t iga ted .  

Two o t h e r  media were employed t o  he lp  understand t h e  e f fec t iveness  with which 
small  addi t ions  of THQ increase  coa l  conversion i n  perf luorocarbon l i q u i d s .  Dodecane 
has  a similar b o i l i n g  poin t  t o  FC-70, but  considerably g r e a t e r  s o l u b i l i t y  f o r  THQ. 
It is probably only an e f f e c t i v e  e x t r a c t i o n  medium f o r  f r e e  sa tura ted  hydrocarbons i n  
coa l .  Water, on the  o t h e r  hand, while  i t  has  very low s o l u b i l i t y  f o r  THQ. can dis-  
so lve  s t rongly  polar  and highly a c i d i c  o r  bas ic  components of coa l .  When bituminous 
coa l  w a s  t r e a t e d  with THQ a t  250°C f o r  4 hours i n  dodecane only 2% increase  i n  coal  
pyr id ine  s o l u b i l i t y  was  obtained. With n e u t r a l  pH water  t h e  r e s u l t s  were very similar 
t o  what w a s  obtained wi th  FC-70. 
ind ica ted  by its l i g h t  c o l o r .  However, a f t e r  washing out  t h e  THQ and water, t h e  pyri-  
dine s o l u b i l i t y  of t h e  c o a l  w a s  found t o  have increased by ca. 20%, a value very c lose  
t o  t h a t  achieved with THQ under s i m i l a r  condi t ions .  Somewhat d i f f e r e n t  r e s u l t s  were 
obtained when a s t r o n g l y  b a s i c  (ca. 1M NaOH) s o l u t i o n  was'employed. In  t h i s  case,  t h e  
aqueous phase w a s  very dark ,  but  the  remaining c o a l  had only the  pyridine s o l u b i l i t y  
of  unprocessed coa l .  

Very l i t t l e  of t h e  coa l  dissolved i n  t h e  water ,  a s  

Discussion 

Comparison of t h e  r e s u l t s  i n  FC-70, water and dodecane ind ica te  t h a t  i t  is the 
marginal  s o l u b i l i t y  of THQ i n  t h e  f i r s t  two of t h e s e  media t h a t  permits  low concen- 
t r a t i o n s  of t h i s  reagent  t o  produce s u b s t a n t i a l  increases  i n  coa l  s o l u b i l i t y .  
envis ion  t h a t  i n  FC-70 and water ,  THQ s e l e c t i v e l y  t r a n s f e r s  i n t o  the pores  and onto 
the  sur faces  of the  c o a l ,  while i n  dodecane i t  maintains  a more uniform and low 
concent ra t ion  throughout t h e  system. 

We 

Although t h e  model compound s t u d i e s  have not  probed a l l  poss ib le  bonds i n  coal  
macromolecules. our  r e s u l t s  suggest  t h a t  only e s t e r  and d i s u l f i d e  bonds a r e  suscep- 
t i b l e  t o  a t t a c k  by THQ under the  mild condi t ions of our experiments. In  both cases 
the  i n i t i a l  mode of r e a c t i o n  appears t o  be  nuc leophi l ic  a t t a c k  by the  n i t rogen  lone 
p a i r .  followed by bond s c i s s i o n  and hydrogen donat ion i n  e i t h e r  a concerted o r  suc- 
cess ive  manner. 
reac t ions .  The t h i o l  produced wi th  t e t r a l i n  and d iphenyld isu l f ide  probably r e s u l t s  
from thermal s c i s s i o n  of the  d i s u l f i d e ,  followed by hydrogen a b s t r a c t i o n  by t h e  t h i o  
r a d i c a l .  Small amounts of t h i o l  a r e  formed when the t e t r a l i n  is omitted i n  t h i s  
experiment. In t h i s  case ,  wi th  only H2 a v a i l a b l e  a s  a hydrogen donator ,  many of the 
t h i o  r a d i c a l s  probably recombine. 
d i s u l f i d e  bonds, it i s  n o t  s u r p r i s i n g  t h a t  t h e r e  is l i t t l e  reac t ion  between t e t r a l i n  
and phenyl benzoate a t  250°C. Diethylamine should be a more potent  nucleophi le  than 

Since t e t r a l i n  is not  a nucleophi le ,  i t  cannot i n i t i a t e  s i m i l a r  

Since ester bonds a r e  considerably s t ronger  than 
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TABLE 2 MODEL COMPOUND STUDIES 

Substrates 

Reactants 

I Tetralin 
O S H  

100% 

No Reaction 

50 % substrate recovered Diethylamine 

100% 

Conditions: 4 hrs at 250 C in FC-70 with 7 MPa HP. 
Black, insoluble material was formed 

The following substrates did not react with THQ under these conditions: 

t 

ossa produced 15 % thiophenol when all reactants were omitted 
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THQ. and indeed it does react with both diphenyldisulfide and phenyl benzoate at rates 
comparable to THQ. 
material that we have not yet been able to identify.) 

(The product of the disulfide reaction is a black, insoluble 

In attempting to chose between esters and disulfides as the predominant bonds 
broken by THQ i n  our experiments, we must rationalize the observed attack of diphenyl- 
disulfide by tetralin and both diphenyldisulfide and phenyl benzoate by diethylamine, 
while neither of these reagents are substantially effective in increasing coal solu- 
bility. Since tetralin has a similar boiling point and aromaticity to THQ, it is 
very difficult to explain the tetralin results i f  disulfide bonds are predominant. 
Diethylamine, however, with its lack of aromatic character, might find the coal 
environment much less favorable for selective partitioning. In addition, the high 
volatility of diethylamine would result in a substantial partitioning into the gas 
phase. 
we prefer ester bonds as the primary linkages being attacked in our coal experiments. 
The surprising result that three very different coals all achieved very similar ulti- 
mate solubility upon long-term reaction with THQ in FC-70 at 25OoC could most easily 
be explained by the postulate that these coals in their early stages of development 
all had similar concentrations of ester bonds in their macromolecular networks. At 
the so-called first coalification step, which occurs at ca. 78% carbon, coals lose 
CO., much cf which cmes from ester bonds, and the destruction of these bonds could 
aczount for the higher initial solubilities of PSOC 1098 and 1104. 
have reported that while low-rank coals contained ester bonds that could be broken in 
reactions with primary amines at temperatures of 120-180°C, no such bonds were found 
in medium and high-rank coals (6). Our work suggests that there are additional ester 
bonds in medium-rank coals that can be attacked by THQ at 250'C. 

Thus, the ineffectiveness of diethylamine with coal can be rationalized, and 

Van Bodegam etal. 

In both FC-70 and water, the amides generated by reaction of THQ with ester bonds 
in coal would show very little solubility, and thus it is not surprising that the coal 
does not dissolve in these media. With strongly basic water, however, further saponi- 
fication of the amide occurs, with ionization of the resulting acids. The aqueous 
phase in this experiment therefore dissolves large concentrations of the coal 
fragments. 
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Abstract 

Superc r i t i ca l  water  e x t r a c t i o m  were performed on low-rank coals u t i l i z i n g  a 
semiconti nuous s u p e r c r i t i c a l  so l  vent e x t r a c t i o n  system. Percent conversions ranged 
fran 40% t o  5oX wh i le  ex t rac t  y ie lds  ranged f r a n  10% t o  30% a t  38OOC. The 
conversions and ex t rac t  yi el ds i ncreased w i t h  i ncreasi ng operat i  ng temperature and 
pressure. The conversions also decreased w i t h  i nc reas ing  coal rank and co r re la ted  
we l l  with t h e  percent v o l a t i l e  mat ter  i n  t h e  coals. 

Organic analyses o f  t h e  r e s u l t i n g  e x t r a c t s  have inc luded separations i n t o  
pentane, methylene c h l o r i d e  and methanol so lub le  f r a c t i o n s  by s h o r t  column 
chranatography, 200 MHz pro ton  NMR, I R  spectroscopy and c a p i l l a r y  gas 
chromatography. Proximate and u l t ima te  analyses i ndicated t h a t  supercr i  t i c a l  water 
ex t rac ts  the  v o l a t i l e ,  hydrogen-rich f r a c t i o n  of t h e  coal. Organic analyses show 
t h a t  t h e  ex t rac t  i s  h i g h l y  po la r  i n  nature w i t h  s i g n i f i c a n t  q u a n t i t i e s  of phenols 
and long-chain a l i p h a t i c  f a t t y  acids. 

I n t roduc t i on  

I n t e r e s t  i n  t h e  e x t r a c t i o n  of solutes w i t h  s u p e r c r i t i c a l  so l ven ts  has been 
increas ing r a p i d l y  over t h e  past f i f t e e n  years. This i n t e r e s t  i s  p r i m a r i l y  due t o  
t h e  enhanced s o l u b i l i t y  of substrates i n  t h e  f l u i d  phase t h a t  occurs a t  o r  above t h e  
c r i t i c a l  po int .  It has on ly  been i n  t h e  l a s t  f e w  years t h a t  cons iderable research 
has addressed t h e  use of s u p e r c r i t i c a l  water  as a so lvent  sui t a b l e  f o r  ob ta in ing  
h igh  y i e l d s  of env i ronmenta l ly  acceptable f u e l s  and chemical feedstocks fran coal  
(1, 2, 3 ) .  Under ambient condi t ions,  organics and water are genera l ly  immiscible. 
However, as water approaches i t s  c r i t i c a l  po in t ,  t h e  s o l u b i l i t y  of organics i n  water 
increases d r a s t i c a l l y  (4, 5 )  wh i l e  t h e  s o l u b i l i t y  of inorganics i n  water 
substanti  a l l y  decreases (6). These s o l u b i l i t y  changes c o n t r i b u t e  t o  t h e  potent i  a1 
o f  s u p e r c r i t i c a l  water  t o  ob ta in  h igh y ie lds  of r e l a t i v e l y  ash-free hydrocarbons 
fran coal .  In addi t ion,  o ther  i n v e s t i g a t i o n s  have shown t h e  p o t e n t i a l  f o r  
increas ing supercri  t i c a l  water  yi e l &  even f u r t h e r  through t h e  a d d  t i o n  of a 
reducing agent such as CO o r  H2S t o  t h e  s u p e r c r i t i c a l  water system (7,  8, 9). 

The ob jec t i ve  of t h i s  research was t o  i n v e s t i g a t e  t h e  use of water as a cheap 
s u p e r c r i t i c a l  e x t r a c t i o n  so lvent  f o r  o b t a i n i n g  env i ronmenta l ly  acceptable l i q u i d  
f u e l s  and chemical feedstocks f r a n  coal and attempt t o  use s u p e r c r i t i c a l  so lvent  
ex t rac t i on  as a means f o r  detennini ng t h e  composit ion o f  various molecular f r a c t i o n s  
present i n  low-rank coals. 

Experimental Procedure 

Supercri t i c a l  water  e x t r a c t i o m  were performed us ing a semicontinuous e x t r a c t i o n  
system i n  vhich deionized water under s u p e r c r i t i c a l  condi t ions was passed through a 
f i x e d  bed of coal. The coals used i n  t h i s  experiments inc luded t h e  I n d i a n  Head, 
Center, and Mar t i n  Lake l i g n i t e s  along w i t h  Sarpy Creek and Wyodak subb i tum inws  
coals. Proximate and u l t i m a t e  analyses f o r  these coals a r e  shown i n  Table I. k 
shown i n  Table I ,  t h e r e  was a d i f f e rence  between t h e  beginning ard ending samples of 
t h e  Ind ian Head l i g n i t e  used i n  these experiments. F igure 1 i s  a f lowsheet  of t he  
s u p e r c r i t i c a l  so lvent  e x t r a c t i o n  system as i t  was used f o r  most of t h e  s u p e r c r i t i c a l  
water experiments. I n  t h i s  s y s t q ,  a f i x e d  bed of coal was detained by s in te red  
metal f r i t s  i n  a hor izonta l  sect ion of h igh  pressure t u b i  ng. 
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I I 

oven was used t o  heat the solvent and extraction vessel t o  temperature a t  20°C/min., 
a f t e r  which a pulseless flow of solvent was s ta r ted  through the  system. The 
extracted organics and solvent then passed through a back pressure regulator where 
the precipitated extract was collected i n  a heated sample cylinder while t h e  
vaporous solvent and l igh t  gases were collected i n  chilled sample vessels. The 
volume of noncondensable product gas was measured and collected for  analysis. 

Analytical Procedure 

After each experiment, any water remaining i n  the  extract sample cylinder was 
f i l t e r ed  fran the  solid extract and selected samples of the  recovered water solvent 
were analyzed by gas chraatography f o r  t h e i r  concentrations of water soluble 
organics. The solid extract  was washed f ran  the  sample cylinder w i t h  acetone and 
the extracted coal residue and solvent-extract mixture were then rotary vacuum 
dis t i l l ed  t o  remove the solvent. This procedure allowed a re la t ive ly  moisture-free 
product to  be obtained f o r  material balance purposes. Residues were analyzed by 
thermogravimetric analysis (TGA) and proximate and ultimate analyses were performed 
on selected samples. 

Discussion and R e s u l t s  

The operating condi tions and the corresponding results of these supercri t i ca l  
water extractions are shown i n  Tables I 1  and 111. The effect  of extraction time on 
percent conversions i s  shown i n  Figure 2. T h i s  f igure  indicates tha t  the percent 
conversions increase l inearly w i t h  an increase in  coal residence time u p  t o  
approximately 45 mirutes a f t e r  which the conversions leveled off a t  42% t o  43%. 
A vacuum dried sample (0.65 wt% moisture) was also extracted f o r  60 minutes w i t h  
supercrit ical  water a t  s imi la r  operating conditions and resulted i n  a 33.5% 
conversion. This lower conversion was due t o  a sample s i ze  effect  s ince  drying t h e  
coal resulted i n  a 60% la rger  sanple of maf coal being extracted. A conversion of 
44.Z was obtained for a separate r u n  usi ng a vacuum dried coal a; longer residence 
times which indicated t h a t  no advantage resulted i n  extracting as received" coals 
w i t h  t h e i r  inherent moisture already present i n  t h e  sample's porous s t ruc ture .  
Also, considering tha t  a 33% larger  sample of maf coal was being extracted, the  
s l igh t ly  higher conversions obtained fo r  t he  supercrit ical  water experiment 
performed a t  a flow r a t e  of 240 cc/hr suggests tha t  an increase i n  the  solvent flow 
ra te  increased the  ra te  of extraction. 

The effects of operating tenperature and pressure on the resulting conversions 
was investigated using operati ng temperatures of 38OOC or 44OOC (Tr = 1.01 o r  1.10) 
while t he  operating pressures used were 3265. 4013, o r  4815 psia (Pr = 1.02, 1.25, 
1.50). Results of these experiments are summarized i n  Table 11. Figure 3 i s  a plot  
of the reduced pressure versus the  percent conversion a t  both operating 
temperatures. This figure indicates t h a t  a small increase i n  the  conversions was 
obtained w i t h  a n  increase i n  the operating tenperature. The conversion also 
displayed a larger increase w i t h  increasing pressure u p  t o  4000 psia. Above 4000 
psia, there appeared to  be no effect  on the resulting conversions. This increase i n  
conversions i s  the  resu l t  of a large increase i n  solvent density caused by the  
increased pressure. The increase i n  conversion w i t h  higher tenperature was the 
result  increasing thermal decomposition or reactions of the l i gn i t e  i n  t h i s  
temperature region. The product gas canpositiom and yields appeared t o  be only 
temperature and coal dependent and were not affected to  any large degree by 
operating pressure or solvent flow rate. 

Table 111 shows the  effect  coal rank had on the percent conversion obtained 
using supercrit ical  water a t  38OOC and pressures of e i the r  3265 o r  4013 psia. For 
canparison purposes, supercrit ical  water e%perimentS were also performed on a Red 
Lake Peat and a biomass sample and the  results are also displayed i n  Table 111. 
These results suggest tha t  there is  a high degree of correlation between the percent 
conversions obtained using supercrit ical  water and the  amount of vola t i le  matter 
present in the s ta r t ing  coal. 
Great Britain 's  National Coal Board i n  which percent conversions using supercr i t ica l  
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This finding i s  consistent w i t h  results reported by 
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to luene also co r re la ted  w e l l  w i t h  v o l a t i l e  ma t te r  of t h e  origi nal coal (10). As a 
r e s u l t ,  t h e  conversions decreased w i t h  an increase i n  coal rank. This increase i n  
conversions which occurred i s  t h e  r e s u l t  of t h e  increased concentrat ion of thermal ly  
l a i b l e  car%ohydrate, l ign in  o r  l i gn in -de r i ved  canponents h i c h  e x i s t  i n  t h e  l i g n i t e ,  
peat, and biomass. 

v i  t r a i n ,  durain, 
and fusa in  were performed. Approx inate ly  12 t o  15 gram of each l i t h o t y p e  were 
microscopica l ly  separated. The conversions obtained f o r  t h e  v i t r a i n  and dura in 
f r a c t i o n s  ( r h i c h  make up approximately 50 and 45 w t %  of t h e  o r i g i n a l  I nd ian  Head) 
were found t o  be s i m i l a r  to  those obtained us ing  t h e  o r i g i n a l  I nd ian  Head l i g n i t e  as 
shown i n  Table 111. Table 111 a lso shows t h a t  t h e  conversion of t he  f u s a i n  p o r t i o n  
( ~ 5 %  of t h e  o r i g i n a l  I n d i a n  Head) was s i g n i f i c a n t l y  l e s s  than t h a t  f o r  t h e  o r i g i n a l  
l i g n i t e .  These r e s u l t s  agree wi th  other  repor ted r e s u l t s  i n  r h i c h  vi  t r a i n s  and 
dura i  r6 have been found t o  be h i g h l y  suscep t ib le  t o  l i q u e f a c t i o n ,  ( i  .e., suscept ib le  
t o  thermal cleavage and r e a c t i o n  with hydrogen) M i l e  f u s a i n  has been found t o  
behave as more of an i n e r t  materi  a1 (11). The yi e l &  of water-soluble organics fran 
these l i t ho types  and t h e  o r i g i n a l  l i g n i t e  a r e  shown i n  Table I V .  As shown, t h e  
v i  t r a i n  f r a c t i o n  conta i  ns considerably  more of t he  oxygenated water-so lub le v o l a t i l e  
compounds (i.e., acetone, m t h a n o l .  and phenol) than t h e  o r i g i n a l  I nd ian  Head, whi le  
t h e  du ra in  f r a c t i o n  contains s l i g h t l y  l ess  of these conpounds than the  o r i g i n a l  
l i g n i t e .  The concentrat ions of these compounds i n  t h e  f u s a i n  f r a c t i o n  were very 
smaii  canpared t o  t h a t  OF t h e  o r i g i  nal l i g n i t e .  

Supercri t i c a l  wa te r  ext ract ions of t h e  I n d i a n  Head li thotypes; 

TABLE I V .  Percent Y ie lds  of V o l a t i l e  Canponents Found i n  Recovered Superc r i t i ca l  
Water Sol vent 

Supercri t i c a l  Water Ex t rac t i on  
Ind i  an Indi an Indi an 

Ind ian  Sa rpy He ad He ad tie ad 

Phenol 0.63 0.21 1.14 0.48 0.14 
o-Cresol 0.17 0.06 0.20 0.10 0.05 
m,p-Cresol 0.17 0.13 0.22 0.18 0.05 
Tota l  Phenolics 0.97 0.40 1.56 0.76 0.24 
Methanol 0.80 0.04 1.32 0.22 -_  
Acetone 0.91 0.42 3.93 0.70 0.15 
MEK 0.25 0.10 0.12 0.14 0.05 

Tot a1 2.93 0.96 6.93 1.82 0.44 

Component Head 2 Creek V i  t r a i n  Ourai n - 

As shown i n  Table 111, a speci a1 experiment was performed us ing a 90-10 mole% 
mixture of water-carbon rmnoxide t o  e x t r a c t  I nd ian  Head l i g n i t e  a t  383OC and 3300 
ps ia .  The purpose of t h i s  experiment was t o  determine what e f fects  t h e  add i t i on  of 
a rediici ng gas such as CO has on t h e  molecular canposi t ion of t h e  ext ract .  The 
conversion ard y i e l d s  obtained were s i m i l i  a r  t o  those obtained f o r  an experiment 
us ing  pure water under s i m i l a r  condi t ions.  

Results Fran Analysis of Supercri t i c a l  Water Residues and Ex t rac ts  

Proximate and u l t i n a t e  analyses of selected residues and ext racts  from 
s u p e r c r i t i c a l  water  and t h e  o r i g i n a l  I n d i a n  Head a r e  shown i n  Table V. The 
proximate analys is  i ndi cates t h a t  t h e  supercr i  t i c a l  water ex t rac t  conta i  115 a 
s i g n i f i c a n t l y  h igher  f r a c t i o n  of v o l a t i l e  mat ter  wh i l e  t h e  residue contains a 
s i g n i f i c a n t l y  lower  f r a c t i o n  o f  v o l a t i l e  matter than t h e  o r i g i n a l  Ind ian Head. The 
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u l t i m a t e  analysis shows t h a t  t h e  ex t rac t  had a lower C/H r a t i o  than t h e  o r i g i n a l  
I n d i a n  Head whereas t h e  res idue had a h i g h e r  C/H r a t i o  than t h e  o r i g i n a l  I nd ian  
Head. These analyses i n d i c a t e  t h a t  t h e  hydrogen-rich, lower  molecular  weight 
p o r t i o n  of t h e  l i g n i t e  i s  being ext racted whi le  leav ing a h i g h l y  carbonacews 
residue. 

The analyses a l so  i n d i c a t e  t h a t  t h e  mineral mat ter  i s  concentrated i n  t h e  
res idue whi le  a r e l a t i v e l y  ash-free ex t rac t  i s  obtained. Table V compares t h e  
prox imate and u l t i m a t e  analyses of t h e  residues and ex t rac ts  f o r  runs us ing 
s u p e r c r i t i c a l  water and t h e  s u p e r c r i t i c a l  w a t e r 4 0  mixture. The C/H r a t i o  i s  
s u b s t a n t i a l l y  lower  f o r  t h e  run us ing t h e  H20-CO mix tu re  which suggests t h e  poss ib le  
add i t i on  of HE, r h i c h  was generated by t h e  water-gas s h i f t  react ion,  t o  t h e  ex t rac t .  

Thermogravimetric analyses were performed i n  argon on samples of t h e  o r i g i n a l  
coa l  and s u p e r c r i t i c a l  water residues us ing a heat ing r a t e  of 20°C/min. and a f i n a l  
temperature of 900OC. The weight - tenperature p r o f i l e s  i nd i ca ted  t h a t  x.20 w t %  of t h e  
s u p e r c r i t i c a l  residues were v o l a t i l i z e d  wh i l e  approximately 41% of t h e  o r i g i n a l  coal  
would v o l a t i l i z e  under t h e  sane condi t ions.  The d i f f e r e n t i a l  weight 105s curves f o r  
two s u p e r c r i t i c a l  water residues and t h e  o r i g i n a l  I nd ian  Head l i g n i t e  are shown i n  
F i g u r e  4. This f i g u r e  i nd i ca tes  t h a t  s u p e r c r i t i c a l  water  has ex t rac ted  most of t h e  
compounds which would d e v o l a t i l i z e  below -.55OoC, thus, concentrat ing t h e  h ighe r  
molecular  weight ma te r ia l  i n  t h e  residue which r e s u l t s  i n  t h e  h ighe r  d i f f e r e n t i a l  
weight 105s curve a t  temperatures above 55OOC. 

Analysis of a s u p e r c r i t i c a l  water  ex t rac t  was c a r r i e d  out us ing chranatographic 
separations, i n f r a r e d  (IR), and nuc lear  magnetic resonance (NMR) spectroscopy. The 
e x t r a c t  was separated i n t o  th ree  f r a c t i o n s  by shor t  column chranatography on s i l i c a  
gel. The f i r s t  f r a c t i o n  was separated by successive e l u t i o n  w i th  pentane and then  
isooctane. This f r a c t i o n  was found t o  make up approximately 5% o f  t h e  ex t rac t  and 
t h e  NMR spect ra showed t h a t  t h i s  f r a c t i o n  consis ted on ly  of a l i p h a t i c  mater ia ls .  
Th i s  f r a c t i o n  was analyzed by c a p i l l a r y  column gas chrmatography and was found t o  
con ta in  a ser ies of alkanes and alkenes i n  t h e  range o f  C-18 t o  C-34. The presence 
o f  t h e  alkenes i nd i ca tes  t h a t  thermal crack ing i s  occurr ing but  t h e  r e l a t i v e  amounts 
o f  t h e  alkanes a l t e r n a t e  as t h e  carbon chain increases i n  t h e  ser ies,  h i c h  suggest 
t h a t  the cracki ng was mi nimal, perhaps confined t o  reactions near t h e  ac id  o r  es te r  
f unc t i on .  Also, t h e  predominance of t h e  odd-number chains and t h e  h i g h  
concentrat ion of C02 i n  t h e  product gas i n d i c a t e  t h a t  a s i g n i f i c a n t  amount of 
decarboxy lat ion was occu r r i  ng. 

The second f r a c t i o n  was separated by e l u t i o n  w i t h  methylene c h l o r i d e  and was 
found t o  make approximately 26% of t h e  ext ract .  Some i d e n t i f i e d  i n d i v i d u a l  
hydrocarbons i nclude phenanthrene, f luorene,  anthracene, pyrene, benzofluorenes, and 
f luoranthene. The NMR spectrum shown i n  F igu re  5 a lso suggests t h e  poss ib le  
presence of es te r  groups between 3.8 and 4.0 ppm. The l a s t  f r a c t i o n  was obtained by 
e l u t i o n  w i t h  methanol and was found t o  make up t h e  m a j o r i t y  (&9-70%) of t h e  
ex t rac t .  The NMR and IR spect ra on t h i s  f r a c t i o n  i n d i c a t e  t h e  presence of phenolics 
and long chain a l i p h a t i c  acids. 

Table V I  shows some of t h e  i n d i v i d u a l  coal-derived canpounds which have been 
i d e n t i f i e d  and t h e i r  approximate y ie lds.  These y i e l d s  i nd i ca tes  t h a t  t h e  i d e n t i f i e d  
phenol ics  cons t i t u ted  a smal l  f r a c t i o n  ( f r a n  -2.9% t o  0.8%) o f  t h e  s u p e r c r i t i c a l  
water ext racts .  The dependence of phenol y i e l d s  i n  t h e  e x t r a c t  on coal type i s  
not iceable wi t h  t h e  Wyodak subbi tumi nous coal genera l ly  yi el d i  ng h igher  
concentrat ions of phenols i n  t h e  ext ract .  The d i s t r i b u t i o n  of t h e  i n d i v i d u a l  
phenols i s  e s s e n t i a l l y  i d e n t i c a l  f o r  t h e  th ree  coals, i n d i c a t i n g  t h a t  they o r i g i n a t e  
from the same type of subs t ruc tu re  i n  t h e  coal and t h a t  t he  react ions r h i c h  re lease 
them during s u p e r c r i t i c a l  water  e x t r a c t i o n  must be i d e n t i c a l .  Thus, t h e  r a t i o  of 
t h e  phenol y i e l d s  i n  t h e  t h r e e  coa ls  must r e s u l t  frm d i f f e r e n t  amounts of t h e  
subs t ruc tu re  i n  t h e  coals  (probably i n  t h e  same r a t i o ) .  
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TABLE V I .  
i n  Supercri t i c a l  Water Ext racts  Obtai ned a t  380°C and 4013 ps ia  

I d e n t i f i c a t i o n  and Determination o f  Yields f o r  Ind iv idual  Compounds 

Ind ian Head 
% Y i  el ds (mcf) 

I n  I n  
Compound Extract  

Methanol 
Acetone 
Acetoni tri l e  
Methyl Ethyl Ketone 
Propi oni tri l e  
Catechol 

Phenol 
o-cresol 
m-cresol 
p-cresol 
2.6-diMePhe 
2-EtPhe 
2,4-di MePhe 
2,5-di MePhe 
2,3-diMePhe 
4-McGuai gcol 
2,4,6-tri MePhe 
2,3,6-tri MePhe 
2,4,5-tri MePhe 

4-Indanol 
5-Indanol 

2,3,5,6-tetraMePhe 
1-Napthol 
2- Na p t  hol 

Tot a1 

ND 
ND 
NO 
ND 
ND 
NO 

0.028 
0.022 
0.030 
0.030 
0.002 
0.002 
0.013 
0.019 
0.009 
0.010 
0.007 
0.001 
0.004 

0.009 
0.001 
0.002 
0.009 

0.198 

t 

Water 
0.649 
0.607 
0.001 
0.160 
0.034 
0.202 

0.362 
0.101 
0.110 
0.118 

NO 
ND 
NO 
NO 
NO 
NO 
NO 
ND 
ND 
NO 
NO 
ND 
ND 
ND 

2.343 

Wyodak 
% Yields (mcf) 

I n  I n  
Water - Extract  

FID 
NO 
ND 
ND 
NO 
ND 

0.075 
0.062 
0.067 
0.007 
0.034 
0.045 
0.045 
0.018 
0.018 
0.003 
O t  

0.003 
0.006 
0.007 
0.012 
0.003 
0.006 
0.018 

0.426 

0.113 
0.538 
0.001 
0.170 
0.005 
0.151 

0.340 
0.104 
0.094 
0.122 

ND 
ND 
ND 
ND 
ND 
ND 
NO 
NO 
ND 
ND 
ND 
NO 
ND 
ND 

1.638 

Mart in  Lake 
% Y ie ld  (mcf) 

I n  I n  
Extract  Water - -  

ND 
ND 
ND 
ND 
ND 
ND 

0.026 
0.020 
0.024 
0.022 

0.010 
0.017 
0.006 
0.006 

0 

0 
0.020 

0 
0.012 

t 

t 

t 
t 

0.012 

0.155 

0.421 
0.568 
0.005 
0.176 
0.020 
0.157 

0.167 
0.049 
0.049 
0.059 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

1.670 

t - t race 
ND - not  detected 

t 
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F i g u r e  1. Flowsheet f o r  t h e  
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senicontinuous supercri  t i c a l  s o l v e n t  e x t r a c t i o n .  

F igure  2. E x t r a c t i o n  t i m e  and f l o w  r a t e  e f f e c t s  on s u p e r c r i t i c a l  water  e x t r a c t i o n .  
53 



~1.1.102 k t o ' h  

Tr=1.017 1380% 

.t 

F i g u r e  3. E f f e c t  of operat ing pressure  and t m p e r a t u r e  on conversion of I n d i a n  Head 
l i g n i t e  w i t h  s u p e r c r i t i c a l  water.  
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F i g u r e  4. D i f f e r e n t i a l  weight  loss curves f o r  two s u p e r c r i t i c a l  water  residues and 
t h e  o r i g i n a l  c o a l .  
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Figure 5 .  200 MHz proton NNR of three fractions of a supercrit ical  water extract 
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REACTIONS OF COAL A N D  COAL MODEL COMPOUNDS WITH SUPERCRITICAL WATER 

MICHAEL A.  MIKITA A N D  HOWARD T. FISH 
UNIVERSITY OF COLORADO AT DENVER 

DEPARTMENT OF CHEMISTRY 
DENVER, COLORAW 80202 

INTRODUCTION 

We recen t ly  r epor t ed  on t h e  successfu l  replacement of r ecyc le  so lven t  by water 
i n  conventional coa l  l i q u e f a c t i o n ,  with and without added hydrogenation 
c a t a l y s t  p recursors  ( 1 ) .  High coa l  conversions (as measured by THF 
s o l u b i l i t i e s )  were obta ined  a t  modest temperatures (37Oo-385O) w i t h  t h e  use of 
l i t t l e  o r  no organic  r ecyc le  so lvent  and short r e a c t i o n  times (5-30 minutes).  

Water has  been used i n  t h e  pas t  i n  t he  l i q u e f a c t i o n  or t h e  e x t r a c t i o n  of coal  
for a v a r i e t y  of reasons .  When used i n  combination with carbon monoxide and a 
s u i t a b l e  c a t a l y s t ,  water was a source of hydrogen f o r  the r educ t ion  of coa l  
( 2 , 3 ) .  
with  water i n  t h e s e  s tud ibs .  

Liquefaction under carbon monoxide has a l s o  been c a r r i e d  out  by ROSS and 
co l leagues  (4,5) wi th  s l u r r i e s  composed of coa l  and e i t h e r  water or aqueous 
base without an o rgan ic  so lven t .  In some cases .  Ross has  used water t o  ca r ry  
d isso lved  metal  sa l t s  a s  homogeneous c a t a l y s t s  a s  well as a l i q u e f a c t i o n  medium 
(6), but s t i l l  i n  t h e  presence of carbon monoxide as the  reducing gas. 

In comparison wi th  convent iona l  organic  l i q u e f a c t i o n  so lven t s ,  S tenberg  et a l .  
have shown water t o  be q u i t e  e f f e c t i v e  when used i n  combination wi th  H,S. i n  
p a r t i c u l a r  under s y n t h e s i s  gas  rather than hydrogen (7). 

Aqueous l i q u e f a c t i o n  using impregnated c a t a l y s t s  has  a l s o  been combined i n  a 
s i n g l e  ope ra t ion  wi th  s u p e r c r i t i c a l  water d i s t i l l a t i o n  t o  s e p a r a t e  the  o i l  and 
asphal tene  from t h e  coa l  char r e s idue  ( 8 ) .  Barton’s r e s u l t s  c l e a r l y  show t h a t  
t he  l i q u i d s  produced by hydrogenation can be ex t r ac t ed  by s u p e r c r i t i c a l  water 
and t ranspor ted  away from inso lub le  coal r e s idues .  

Wender and co-workers have a l s o  shown t h a t  t he  s imple  t rea tment  of coa l  wi th  
s u p e r c r i t i c a l  water i n  t h e  absence of hydrogen or c a t a l y s t  r ende r s  a 
s u b s t a n t i a l  po r t ion  of t he  t r e a t e d  coa l  e x t r a c t a b l e  by THF a f t e r  t h e  product 
was cooled and recovered  from t h e  au toc lave  ( 9 ) .  The amount of e x t r a c t  
obtained depended on t h e  dens i ty  of the  s u p e r c r i t i c a l  water. 
were obta ined  when coa l  was i n j e c t e d  i n t o  s u p e r c r i t i c a l  water ,  t hus  provid ing  a 
r ap id  heat-up of t h e  coa l ,  than  when a coal-water s l u r r y  was heated t o  
ope ra t ing  temperature.  

I n  add i t ion  t o  t h e  phys ica l  r o l e  of water repor ted  by Wender, i t  has a l s o  been 
repor ted  t h a t  water may d i r e c t l y  p a r t i c i p a t e  a s  a r e a c t a n t  i n  t h e  the rmoly t i c  
chemistry Of c e r t a i n  model compounds. 
decomposed a t  400° C by both py ro ly t i c  and hydro ly t i c  pathways, t h e  l a t t e r  
lead ing  t o  t h e  format ion  of benzyl a lcohol  (10) .  

The removal of n i t rogen  from he te rocyc l i c  compounds, such a s  i soqu ino l ine ,  was 
a l s o  repor ted  t o  be a c c e l e r a t e d  i n  the presence of s u p e r c r i t i c a l  water ( 1 1 ) .  

Appell and co-workers f r equen t ly  used an organic  so lven t  i n  combination 

Higher y i e l d s  

In t h e  presence of water. d ibenzyl  e the r  

56 



I 

Taken toge the r ,  t hese  previous s t u d i e s  by o the r  r e sea rche r s  i n d i c a t e  t h a t  under 
var ious  cond i t ions ,  s u p e r c r i t i c a l  water may a c t  a s  a good l i q u e f a c t i o n  medium, 
d i s so lve  or e x t r a c t  coal-derived l i q u i d  products ,  promote t h e  cleavage of 
c e r t a i n  bonds l i k e l y  t o  be found i n  c o a l ,  provide hydrogen through t h e  water-gas 
s h i f t  r eac t ion ,  and poss ib ly  assist t h e  con t r ac t ing  of coal  w i t h  c a t a l y s t s  or 
hydrogen. 

Though t h e s e  r e p o r t s  suggest a r i c h  and va r i ed  chemistry i n  l i q u e f a c t i o n  wi th  
water ,  fundamental s t u d i e s  w i t h  models has  rece ived  inadequate a t t e n t i o n .  The 
ob jec t ive  of t h i s  s tudy  was t o  i n i t i a t e  an inves t iga t ion  i n t o  the  o rgan ic  
r e a c t i o n  mechanisms of coa l  and coa l  model compounds with s u p e r c r i t i c a l  water.  

EXPERIMENTAL 

A mu l t i r eac to r  cons i s t ing  of f i v e  ind iv idua l  microautoclaves,  each of 
approximately 45-mL capac i ty  and a t t ached  t o  a s i n g l e  yoke, was used t o  s tudy  
these  r e a c t i o n s  (12) .  The e n t i r e  assembly was immersed r a p i d l y  i n t o  a 
preheated, f l a i d l z e d  sand ba th ,  allowing heat-up t o  r e a c t i o n  temperature i n  436 
minutes. Immersion i n  a second f l u i d i z e d  sand bath held a t  room temperature 
provided r ap id  quenching. The au toc laves  were a g i t a t e d  by a rap id  
hor izonta l - shaking  motion. a s su r ing  good mixing of heterogeneous,  mul t iphase  
mixtures.  - Ind iv idua l  thermocouples allowed continuous temperature monitoring 
of each microautoclave.  For a l l  experiments repor ted  here ,  t h e  r e a c t o r s ,  once 
p res su r i zed ,  were i s o l a t e d  from the gas-handling manifold by a va lve  and a 
sho r t  l eng th  of tubing of neg l ig ib l e  volume. 
t h e  r e a c t i o n  zone due t o  condensation i n  t h e  unheated por t ion  of the system. 
Separa te  experiments using d i f f e r e n t  r e a c t o r s ,  i n  which i t  was poss ib l e  for 
water t o  migrate t o  unheated reg ions  of t h e  system, ind ica t ed  t h a t  such water 
loss had a profound but e r r a t i c  e f f e c t  on measured va lues  for pressure  and coa l  
conversion, and gene ra l ly  l e d  t o  misleading da ta .  

The p res su re  a t  r e a c t i o n  temperature was not measured d i r e c t l y  in t h e s e  
experiments. 
equation. 

Table 1 g ives  the ana lyses  Of the I l l i n o i s  No. 6 (River King Mine) bituminous 
coa l  and process der ived  so lven t  (SRC 1 1 ) .  The conversion va lues  were obta ined  
by t h e  cen t r i fuga t ion  method described e a r l i e r  ( 1 ) .  

Model compound experiments were performed i n  t h e  i d e n t i c a l  r e a c t i o n  appa r tus .  
Any product gases were uncollected.  The r e a c t o r s  were washed out  wi th  
dichloromethane (F i she r ;  ACS c e r t i f i e d )  and the  aqueous l aye r  removed. The 
organic  l a y e r  was f i l t e r e d  through a s i n t e r e d  g l a s s  funne l ,  wi th  subsequent 
ana lys i s  by c a p i l l a r y  gclm.3 (Hewlett  Packard model 5790A gas chromatograph 
equipped wi th  a Hewlett Packard model 5970A mass s e l e c t i v e  d e t e c t o r ) .  Mass 
s p e c t r a l  i on iza t ion  c u r r e n t s  and gc parameters were i d e n t i c a l  i n  the  a n a l y s i s  
of s tandards  and r e a c t i o n  products.  

~ 1 1  model compound experiments were r eac t ed  a t  385O C for 30 minutes.  A 1200 
ps ig  cold charge of H, was employed in  each experiment u t i l i z i n g  molecular 
hydrogen. The bibenzyl r eac t ions  used 2.5g (0.014mol) bibenzyl (Aldr ich)  and 
1.8g (0.09 mol) deu te r ium oxide  (Aldr ich ,  gold l a b e l ) .  The biphenyl 
experiments a l s o  employed 2.5g (0.016 mol) biphenyl (Aldr ich)  and 1.8g D,O. 
The r e a c t i o n s  wlth.4-benzylphenol (Chemical S a l e s  Co.), dibenzyl e the r  (Aldr ich)  
and benzyl e thy l  e the r  ( P f a l t z  & Bauer),  used 0.92 (0.005 mol),  0.99g (0.005 
mol),  and 0.68g (0.005 mol) r e spec t ive ly ,  and 4.0g D,O in each r eac to r .  

T h i s  prevented l o s s  of water from 

The p a r t i a l  p ressure  of water was es t imated  using van de r  Waal's 
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RESULTS A N D  DISCUSSION 

I. Bituminous Coal S t u d i e s  

Inverse  i so tope  e f f e c t s  has been observed by Appell (13) and Ross ( 1 4 )  when 
water was rep laced  wi th  D,O i n  coal l i q u e f a c t i o n .  Appell observed an enhanced 
conversion of nea r ly  6% when D,O was u t i l i z e d  i n  p lace  of water wi th  
hexahydropyrene ( H H P )  a s  a so lven t .  A s i g n i f i c a n t  enhancement was s i m i l a r l y  
observed by Ross through s u b s t i t u t i o n  of water by D,O i n  h i s  use of COIwater 
systems without a so lven t .  Ross has a t t r i b u t e d  t h i s  phenomenon t o  a 
phenol-keto equi l ibr ium followed by hydr ide  t r a n s f e r  from formate t o  coa l  
moie t ies  i n  a Michael sense.  The inverse  i so tope  e f f e c t ,  i n  Ross' argument, 
r e s u l t s  from the f a c t  t h a t  t h e  formate r e a c t i o n  w i t h  water exper iences  a normal 
i so tope  e f f e c t  and is t h e r e f o r e  slowed i n  D,O, consequently enhancing t h e  
s t a b i l i t y  of a c t i v e  formate by precluding t h e  te rmina t ion  r e a c t i o n  t o  CO, and 
H,, which  he sugges t s  r ap id ly  p reva i l s  under these  condi t ions .  

Rosa f u r t h e r  contends t h a t  a l l  coal l i q u e f a c t i o n  r e a c t i o n s  can be viewed along 
s i m i l a r  l i n e s .  Donor so lven t  l i que fac t ion ,  i n  h i s  concept,  r e s u l t s  v i a  hydride 
t r a n s f e r  f rom hfdroarcmat ic  compounds to e f f e c t  reduct ions  of quinones and/or 
semiquinones with subsequent e l imina t ion  of s u b s t i t u t e n t  groups. 

If the mechanism of l i q u e f a c t i o n  i s  indeed i o n i c ,  water may be envisioned a s  a 
po la r  s o l v e n t ,  r e s u l t i n g  i n  a lowering of t h e  t r a n s i t i o n  s t a t e  energy v i a  
so lva t ion  and correspondingly increased conversions.  With t h i s  d i scuss ion  in 
mind, we undertook two s e t s  of experiments,  each comparing H,O w i t h  D,O. The 
f i r s t  was e s s e n t i a l l y  a r epea t  of Appell 's  experiment with minor v a r i a t i o n s .  
T e t r a l i n  was employed a s  the  so lvent  and a h igher  hydrogen charge was u t i l i z e d .  
I n  an attempt t o  enhance t h e  ion ic  cha rac t e r  of t h e s e  r e a c t i o n s ,  2mmol of 
Cs,CO, was added t o  the  water.  Ross had u t i l i z e d  the observed c a t a l y t i c  e f f e c t  
of bases i n  h i s  r e a c t i o n s  as a major argument for h i s  proposal of an i o n i c  
mechanism. Cs,CO, was chosen s ince  C s  has been r epor t ed  as t h e  most mobile of 
t h e  Group I A  meta ls  i n  the  g a s i f i c a t i o n  of c o a l s  (15) and we wished t o  
circumvent,  as far a s  poss ib l e ,  any anomalies from se l ec t ed  ion  exchange. 

The conversions ob ta ined  were i d e n t i c a l ,  wi th in  experimental  e r r o r ,  a s  
i l l u s t r a t e d  i n  Table  2 (68-70 w t .  %). Clea r ly ,  under these  condi t lons .  no 
i so tope  e f f e c t  is ev iden t .  I t  is s i g n i f i c a n t  that  Appell's work, a t  much lower 
hydrogen pressure  and 5 fewer minutes res idence  t ime ,  r e s u l t e d  i n  dramat ica l ly  
higher convers ions  (84-90 w t .  5 ) .  The g r e a t e r  ease of hydrogen a b s t r a c t i o n  from 
HHP than t e t r a l i n  is dramat ica l ly  evidenced by t h e s e  r e s u l t s .  These r e s u l t s  
do l i t t l e ,  however, t o  suppor t  t h e  r o l e  of water as r e a c t a n t  i n  our systems, or 
an ion ic  mechanism for  l i que fac t ion  i n  gene ra l .  

If one accep t s  t h e  arguments of Ross, molecular hydrogen should p lay  no k i n e t i c  
role i n  coa l  conversion. El imina t ion  of hydrogen i n  favor  of the  polar  
so lvent  Water should  t h e r e f o r e  enhance o v e r a l l  conversions.  
we undertook four  experiments,  i n  t h e  absence of molecular hydrogen, a s  
i l l u s t r a t e d  i n  Tab le  3. 
and t e t r a l i n  as a so lven t  r e su l t ed  i n  s l i g h t l y  lower convers ions  for t h e  D,O 
t han  H,O experiments.  More s i g n i f i c a n t l y ,  t h e  Conversions were cons iderably  
lower than those  observed i n  Table 3 where less water ,  but molecular hydrogen 
was Present.  C l e a r l y ,  molecular hydrogen p lays  a dominant r o l e  even when 
experimental  cond i t ions  favor  an ion ic  pathway. Since it is d i f f i c u l t  t o  
envis ion  an i o n i c  mechanism for t he  r o l e  of molecular hydrogen i n  l i q u e f a c t i o n ,  
such obse rva t ions  a r e  incons i s t en t  with a gene ra l  i o n i c  mechanism for 

I n  t h i s  r ega rd ,  

Comparison of H,O and D,O wi th  added KOH as a c a t a l y s t  
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l i que fac t ion  and support  the f r e e  radical hydrogenolysis  mechanism proposed by 
Vernon (16) .  

Further  evidence r e f u t i n g  no t  only an i o n i c  mechanism, but t h e  r o l e  of water as 
a r e a c t a n t  as wel l ,  can be found i n  comparison of Experiments 5 B  and 5 C .  
Removal of t h e  KOH c a t a l y s t  and r educ t ion  o f  water by a f a c t o r  of two r e s u l t e d  
i n  no appreciable  change i n  conversion. 

A change i n  so lven t  from t e t r a l i n  t o  SRC 11, however, gave a dramatic  decrease 
i n  conversion. 
hydrogen atom donors i n  SRC I1 when compared t o  t e t r a l i n .  The s i g n i f i c a n t  r o l e  
of such donors i n  water assisted l i q u e f a c t i o n ,  r e g a r d l e s s  of t h e  l i q u e f a c t i o n  
mechanism, is c l e a r l y  ev iden t  from these experiments.  

2. MODEL COMPOUND STUDIES 

Such an e f f e c t  may be e a s i l y  a t t r i b u t e d  t o  a lower number of 

I n  Appell 's  experiments with coa l  (13). t h e  inco rpora t ion  of  deuterium i n t o  
coa l  der ived hydrocarbons, pyrene, and HHP was noted. Ross noted a l a c k  of 
c o r r e l a t i o n  between exchange and conversion i n  h i s  s tudy ( 1 4 ) .  
r e s u l t s  suggested t o  Appell tha t  water was a r e a c t a n t  under h i s  cond i t ions ,  
t hese  r e s u l t s  could also be explained by an i n i t i a l  low temperature exchange of 
phenol ic  hydroxyls with D,O. followed by higher  temperature  deuterium atom 
t r a n s f e r s  between t h e s e  now deu te ra t ed  phenols and hydrocarbon r a d i c a l s .  

I f  our proposed exp lana t ion  is ope ra t ive ,  t h e  use of 0-alkylated c o a l s  could 
circumvent t h e  low temperature  exchange. Observat ion of deuterium exchange i n  
coa l  products  der ived from such a Coal may then i n d i c a t e  t r u e  r e a c t i o n  
chemistry.  
was observed by P a u l a i t i s ,  however. I f  the hydro lys i s  of methyl e t h e r s  i s  
general  and i o n i c  i n  s u p e r c r i t i c a l  water ,  as t h e i r  work with quaiacol  would 
i n d i c a t e ,  t h e  formation of phenols from these  hydro lys i s  r e a c t i o n s  may a l s o  
l ead  t o  exchange. Such an occurance would i n v a l i d a t e  our arguments for t h e  
experiments w i t h  0-alkylated coa l .  

Fu r the r ,  t h e  hydrogenolysis  of a n i s o l e ,  as r epor t ed  by Friedman (17) .  may a l s o  
i n d i c a t e  a reac t ion  pathway by which phenols,  p ro t ec t ed  a s  methyl e t h e r s ,  could 
r e a c t  i n  what is e s s e n t i a l l y  an exchange r e a c t i o n .  If t h e  phenoxy1 r a d i c a l  
i n t i a l l y  formed from a n i s o l e  is reduced t o  t h e  phenoxide ion ,  such exchange may 
occur. The observat ion of c r e s o l s  i n  Friedman's work, however, would t end  t o  
i n d i c a t e  t h a t  such is not  t he  case.  

We attempted t o  address  both  concerns v i a  t h e  r e a c t i o n  of seve ra l  model 
compounds w i t h  D,O i n  t h e  presence and absence of molecular hydrogen. 

S i g n i f i c a n t  exchange between bibenzyl  and D,O was observed on ly  upon the  
in t roduc t ion  of molecular hydrogen t o  t h e  system. 
w i t h  biphenyl e i t h e r  i n  the absence or presence of molecular hydrogen. 
r e s u l t s  suggest  t h a t  H-atoms produced from the  hydrogenolysis  of bibenzyl  
r eac t ed  w i t h  t he  l a r g e  molar excess  of D,O t o  produce HD and hydroxyl r a d i c a l s .  
Once HD was formed, i nco rpora t ion  of deuterium i n t o  a v a r i e t y  of products  
would be expected. The hydroxyl r a d i c a l  could then capped by a v a r i e t y  of 
s p e c i e s ,  including molecular hydrogen i n  what would amount t o  a cha in  r e a c t i o n .  

There was no evidence for t he  observat ion of hydroxylated products  i n  t h e  
total7ion-chromatograph (TIC) of t h e  dichloromethane s o l u b l e  f r a c t i o n .  The 
aqueous f a c t i o n  was unanalyzed. 

Though h i s  

Hydrolysis  of t h e  methyl e t h e r  of gua iaco l  by s u p e r c r i t i c a l  water 

Exchange was not  observed 
These 
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The T I C  of the dichloromethane so lub le  products from t h e  r e a c t i o n  of benzyl 
e thyl  e t h e r  i n d i c a t e d  only alcohol-d exchanged benzyl a lcohol .  There was 
no evidence i n  t h e  mass s p e c t r a  for incorpora t ion  of deuteriiun i n t o  any C-H 
bond. The hydro lys i s  appeared complete. I t  is important t o  note  t h a t  
molecular hydrogen was unemployed i n  t h i s  experiment.  

Analysis of the T I C  from t h e  organic  f r a c t i o n  of t h e  similar r e a c t i o n  with 
dibenzyl e the r  i nd ica t ed  only  unexchanged r eac t an t .  Benzyl a lcohol  was not 
observed. 

Analysis of t he  dichloromethane so lub le  products from the  r e a c t i o n  of 4-benzyl 
phenol with deuterium oxide i n  the  absence of molecular hydrogen is most 
in t r igu ing .  Only 4-benzyl phenol was observed i n  t h e  TIC ,  however, 
mass4spectral  a n a l y s i s  i nd ica t ed  the  major product t o  be doubly labe led .  
Fragment ions  c l e a r l y  i l l u s t r a t e  t h e  inco rpora t ion  of deuterium i n t o  C-H bonds. 

Taken toge the r ,  t h e s e  r e s u l t s  suggest e l e c t r o p h i l i c  a romat ic  s u b s t i t u t i o n  
between t h e  ac t ived  phenol and a hydronium ion-d,. Act iva t ion  of t h e  aromatic 
r ing  was i n s u f f i c i e n t  with t h e  o ther  models t o  e f f e c t  such exchange. 

Additional experiments a r e  c u r r e n t l y  underway i n  our  l abora to ry  t o  f u r t h e r  
s u b s t a n t i a t e  t h i s  hypothes is .  The p o s s i b i l i t y  of similar r e a c t i o n  between coa l  
and water would be easy t o  suppor t .  Coal would be  expected to  possess  
s t r u c t u r a l  u n i t s  with r e l a t i v e l y  low energy a s  carboca t ion  leaving  groups 
through s u b s t i t u t i o n  by a pro ton  i n  water.  Such moie t i e s  wo;lld inc lude  
carboca t ions  w i t h  t he  p o s s i b i l i t y  of resonance s t a b i l i z a t i o n  by an aromatic 
system (e.g. ,  benzyl ca rboca t ion ) ,  a lpha  t o  an ether oxygen ( s i m i l a r  t o  those  
discussed by Larsen (18 ) )  o r  carbonyls (e.g. ,  decarboxyla t ion) .  

Should a d d i t i o n a l  model compound s t u d i e s  suppor t  t h e  f e a s i b i l i t y  of s imi l a r  
r eac t ions  between water  and c o a l ,  t h e  observed enhanced y i e lds  from 
l ique fac t ion  w i t h  water  may, a t  l e a s t  p a r t i a l l y ,  be a t t r i b u t e d  t o  t h e  
ip sosubs t i t u t ion  of  a proton f o r  a s u b s t i t u e n t  on an aromatic moiety i n  coa l .  

T h i s  sugges t ion  i n  no way presupposes t h a t  e l e c t r o p h i l i c  aromatic s u b s t i t u t i o n  
is t h e  only mechanism opera t ing  i n  l i que fac t ion .  I t  may, however, i n d i c a t e  a 
dormant r e a c t i o n  pathway under t h e  t r a d i t i o n a l  donor so lven t  l i que fac t ion  
condi t ions ,  which now con t r ibu te s  t o  t h e  o v e r a l l  production of l i q u i d  products,  
thus  the  apparent  i n c r e a s e  i n  y ie ld .  The so lva t ion  e f f e c t  of s u p e r c r i t i c a l  
Water i n  promoting t h e s e  poss ib ly  new i o n i c  pathways i n  aqueous l i que fac t ion  is 
CUrIXntly under i n v e s t i g a t i o n  i n  our l abora to ry .  
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TABLE I .  ELEMENTAL ANALYSES OF COAL A N D  V E H I C L E S . ~  

S - N 0 - -  H - C Mate r i a l  - 
I l l i n o i s  No. 6 73.7 5.6 1.5 14.8 4.5 
Coal, Rivgr 
K i n g  Mine 

SRC-I1 D i s t i l l a t e  87.1 8.0 1 . 4  3.0 0.4 

a ut .%,  daf  b a s i s ,  Huffman Labs, Wheatridge, Colo. 

Moisture-free a s h  conten t  was determined t o  be 13.6 ut.% for  t h e  River 
King Coal. A s  used, the  coal contained 3 u t . %  water.  

Table 2. Comparison of H,O and D,O a s  Vehic les  Under Water Ass is ted  
L ique fac t ion  Conditions'  

Ex. # Vehicle Conversion2 - 
68 
70 

Reaction Condi t ions :  11.00 g River King Coal;  1.70 g H,O or 
D,O; 1.50 g t e t r a l i n ;  1200 p s i g  H, 
( co ld ) ;  385OC; 20 mins. a t  temp.; 
2 mmol Cs ,CO,  added v i a  the  water.  

DAF bas i s ;  average of dup l i ca t e  runs ;  r e p r o d u c i b i l i t y  f 1 u t .  %. 

62 



- - - e . e 7 .  
4 - 4 w w m  
I D W v I c n W P  
O O O O W I D  

m 
= *  

cer a 0  m e  

0 
c 

1 

e 9 
0 

W W 

9 

P 
in 

0 

0 
cr c 

in 

w VI 0 

W P 

% 
c 

U 

7 
* 
n 
E 
C 

e, 
ID 
W 
a3 

7 

nl 0 ct 

9 
W 
P 
E ct c 
0 

r 
C. 
n 
E 
+b 

0 
CT C. 

0 

0 % 

a 
E 

.c 

0 0 

m 
P c 
< 
a 

B 
m 

c 
0 

ct 
in 

a 
J 

m 9 

er ct ... 3 0 w 

(D 0 

b- 
W 

a I D '  n 

0 a 

0 c 

z 
P 

c 
CT Y 

0 

n 
e 

J 
% 
c 
3 
0 I- 

& 

n 
0 
P 

W 05 \n 

n 

L= 
0 

H 
.2 

W 
0 P 
< 
J ct 

m 

0 

J 
ct a c 

e 
ct ... 
0 
W 

63 



REACTICNS OF LW-RANK COALS I N  SJPERCRITICAL METHANOL 

Edwi n S .  Olson, Michael L. Swanson, Steven H. Olson and John W .  Diehl 

Box 8213, Uni versi t y  Station 
University of N o r t h  Dakota Energy Research Center 

Grand Forks, North Dakota 58202 

Supercritical f lu id  extraction of coals has been investigated as a promising 
method f o r  the  production of l i q u i d  fuel products f ran  coal under mild conditions. 
Studies w i t h  alcohols a s  the  supercrit ical  f lu id  have recently been reported (1, 2, 
3, 4 ) .  Alcohols would be expected t o  exhibit  g rea te r  so lubi l i ty  f o r  polar organic 
molecules, because of hydrogen bonding or dipole a t t r ac t ive  forces;  they also 
provide the  opportunity f o r  chemical reactions during the  extraction, because of t he  
nucleophilicity of the  alcohol oxygen and the tendency t o  act  as a hydrogen donor. 
Alkylation reactions can also occur. Chen and coworkers have shown tha t  su l fur  
compounds were removed se lec t ive ly  i n  supercri t i c a l  methanol and ethanol extractions 
( 4 ) .  This potentially useful application may involve reaction of the  alcohol w i t h  
some of the organosulfur moieties and possibly pyrite i n  the coal. The exact 
mechanism o f  t h ?  sulfur ranoval reaction i s  unknown. Earlier worken used alcohols 
a t  very high temperatures (460-600OC) (5) or in  combination with sodium hydroxide 

As a part of our study of the interaction of supercrit ical  solvents w i t h  low- 
rank coals, a se r ies  of extractions of l ign i tes  and subbituminous coals were 
performed w i t h  supercri t i ca l  methanol i n  a semicontinuous extraction apparatus. 
These studies were concerned with establishing yield and conversion data f o r  several 
coals a t  various supercrit ical  conditions. Not only can the solvation power of the 
solvent (hhich depends on the  f lu id  density) be conveniently controlled over a large 
range w i t h  changes i n  solvent pressure or tenperature, hut the rates of chemical 
reactions occurring i n  and with the  solvent may also be controlled by the wide 
variation i n  viscosity and density which are obtained w i t h  supercrit ical  f lu ids .  

Experimental 

Supercri t i ca l  methanol extractions were performed using the  semiconti nuous 
processing unit described e a r l i e r  ( 7 ) .  Methanol solvent was pumped through the  
fixed coal bed (50 g of dried coal) a t  120 ml/hr f o r  2 hr. The pressure of the 
supercrit ical  solvent was reduced to  atmospheric pressure a f t e r  passing a back 
pressure regulator. The extract and solvent were collected in a chil led sample 
vessel. The  noncondensable product gas was measured and collected for  subsequent GC 
analysis. B o t h  the  solvent-extract mixture and the extracted coal residue were 
rotary vacuum d i s t i l l ed  t o  give a moisture and methanol f ree  product. Extr cts were 

methylated (di  azomethane) samples a n d  GC for  quantitative determination of 
i ndi vi dual phenols and carboxyli c acids. The phenol analysis involved addi t i  on of 
2-fluorophenol BS an in te rna l  standard, extraction in to  base t o  remove hydrocarbons 
and amsoles,  addition of acid and extraction i n t o  chloroform, Kuderna-Danish 
evaporation of the chloroform and GC analysis on a calibrated 60 m OB5 capillary 
column (FID). Photoacoustic spectra of the coal residues were obtained using a cell  
obtained from MTech Photoacoustics w i t h  a Nicolet 2OSXR spectrometer. 
Themogravimetric analyses of the coal residues were obtained using a Cahn 2000 
thermobalance w i t h  an argon atmosphere and a 20°C/min temperature ramp. 

(6) * 

analyzed by a number of methods including extraction in to  base, HPLC and I H-NMR of 

64 



Results and Discussion 

E f f e c t s  of Temperature and Pressure on Yie lds 

Table 1 summarizes t h e  operat ing condi t ions and t h e  experimental resul&s 
obtained f o r  t he  s u p e r c r i t i c a l  methanol ext ract ions.  A ser ies of runs a t  250 C 
us ing  Ind i  an Head l i g n i t e  was performed a t  pressures rangi ng fran 1233 p s i  a t o  2935 
p s i a  (P = 1.05 t o  2.5). The conversions (weight 1 m s  on a maf bas is)  were found t o  
increas; w i t h  increas ing pressure (i.e. fran 4.3 t o  6.1 X ) ,  wh i le  t h e  e x t r a c t  y i e l d s  
(weight of extracted materi a1 recovered on an maf bas i s )  increased from 1.8 t o  4.4% 
respect ive ly .  This increase i n  e x t r a c t  y i e l d s  w i t h  pressure can be a t t r i b u t e d  t o  
change i n  solvent density. F igu re  1 i s  a p l o t  of t h e  e f f e c t  of ca lcu la ted  so lvent  
dens i t y  on t h e  ex t rac t  y i e l d s  f r a n  Ind i  an Head l i g n i t e .  

A ser ies of i s o b a r i c  experiments were performed a t  2348 psi a (Pr = 2.0) w i t h  
tenperatures a t  250, 275, 300 and 35OoC us ing several coals. The conversion and 
ex t rac t  y i e l d s  a l l  increased s i g n i f i c a n t l y  w i t h  temperature, however, a t  t h e  h ighe r  
tenperatures the  ex t rac t  and gas y i e l d s  becane s i g n i f i c a n t l y  h igher  than t h e  actual 
weight l oss  of t h e  o r i g i n a l  coal .  This net  y i e l d  of products suggests t h a t  t h e  
methanol i s  being incorporated i n t o  t h e  products by reac t i ng  w i t h  var ious groups i n  
t h e  coal and ex t rac t  components and a l so  being converted t o  gas, which conta ins 
l a r g e  amounts of methane. 

Table 1. Operating Condit ions and Results from t h e  Ex t rac t i on  o f  Various Coals w i t h  
Superc r i t i ca l  Methanol. See Table 3 f o r  coal analyses. Reduced tempera- 
t u r e  (T r )  and reduced pressure (P r )  are t h e  r a t i o s  of temperature and 
pressure t o  supercr i  t i c a l  temperature and pressure. 

Coal 

I nd ian  Head 
Ind i  an Head 
Ind ian  Head 
Ind i  an Head 
Ind ian  Head 
Ind i  an Head 
Ind ian  Head 
Ind i  an Head 

Wyodak 
Wyodak 

1 Wyodak 
Wyodak , Wyodak 
Wyodak 

Deer Creek 
I Deer Creek 

Deer Creek 
Deer Creek 

- 

i 

f M a r t i n  Lake 
M a r t i n  Lake h M a r t i n  Lake 

i 

Temp. 
0 

25n 
250 
250 
250 
250 
27 5 
300 
350 

250 
25 0 
300 
300 
350 
350 

250 
250 
300 
350 

250 
300 
350 

Tr 

1.021 
1.021 
1.021 
1.021 
1.021 
1.069 
1.118 
1.216 

1.021 
1.021 
1.118 
1.118 
1.216 
1.216 

1.021 
1.021 
1.118 
1.216 

1.021 
1.118 
1.216 

- 
Pressure 

(ps i  a) 

1233 
1468 
17 61 
2348 
2935 
2348 
2348 
2348 

1233 
2 348 
1233 
2348 
1233 
2348 

1233 
2348 
2348 
2348 

2348 
2348 
2348 

P r  

1.050 
1.250 
1.500 
2.000 
2.500 
2.000 
2 .ooo 
2.000 

1.050 
2.000 
1.050 
2.000 
1.050 
2.000 

1.050 
2.000 
2 .ooo 
2.000 

2 .ooo 
2.000 
2 .ooo 

- 

Cal c. 
Sol vent 
Oensi ty  
J s l m l )  

0.134 
0.295 
0.368 
0.412 
0.434 
0.320 
0.224 
0.144 

0.134 
0.412 
0.079 
0.224 
0.063 
0.144 

0.134 
0.412 
0.224 
0.144 

0.412 
0.224 
0.144 

Pct. . .._ 

Cow. Pct  Y i  e ld ,  maf 
(maf) Ex t rac t  

4.27 1.76 
4.98 2.86 
4.17 3.05 
5.49 3.80 
6.13 4.43 
8.20 3.88 
9.55 4.74 

23.30 12.43 

1.56 3.08 
4.16 6.33 
2.73 11.28 
6.17 6.59 

14.74 12.39 
17.55 23.29 

0.20 4.02 
10.11 10.50 
7.99 8.69 

11.79 13.69 

3.95 5.57 
5.60 6.64 

18.24 17.54 

2.25 
2.05 
1.36 
1.66 
2.23 
3.67 
6.91 

22.04 

0.70 
0.65 
3.49 
3.10 

21.60 
22.61 

0.37 
0.16 
0.75 
5.17 

0.69 
1.93 

19.88 



Composition of t h e  E x t r a c t e d  Mater i  a1 

The canpos i t ion  of t h e  ex t rac t  obtained f r a n  each of t h e  coals var ied  
s u b s t a n t i a l l y  w i t h  t h e  inc rease i n  temperature of t h e  e x t r a c t i o n  w i t h  s u p e r c r i t i c a l  
methanol. The e x t r a c t s  contained t h e  waxy ma te r ia l  (alkanes and long  cha in  f a t t y  
ac ids)  which were a l s o  present i n  t h e  hydrocarbon ex t rac ts  of t h e  these coa ls  (7 ) .  
I n  addi ti on, the  methanol e x t r a c t i  om conta i  ned phenol ics , am so les  and methyl 
es te rs  of  mono and d i c a r b o x y l i c  acids. The pheno l ics  and an iso les  predominate i n  
t h e  ex t rac t i ons  of I n d i a n  Head l i g n i t e  which were c a r r i e d  out a t  t h e  h igher  
temperatures (Table 2). The methyl e s t e n  of d i c a r b o x y l i c  acids,  such as dimethyl 
succinate,  predominate a t  t h e  lower tenperature.  The amso les  and methyl esters 
have not been found i n  any s u p e r c r i t i c a l  hydrocarbon so lvent  o r  water e x t r a c t i o n  
products f r a n  coal  n o r  i n  any py ro l ys i s  products. The anisoles resu l ted  fran 
methy la t ion  of  t he  corresponding phenol hydroxyl  groups. The esters have resu l ted  
from e s t e r i f i c a t i o n  of c a r b o x y l i c  acids i n  t h e  s u p e r c r i t i c a l  m t h a n o l ;  however, t h e  
d i ca rboxy l i c  acids r e q u i r e d  f o r  these reac t ions  a r e  produced f r a n  t h e  coal by 
o x i d a t i o n  r a t h e r  t h a n  py ro l ys i s .  Thus t h e  reac t ions  f o r  fo rmat ion  of esters have 
no t  been s u f  f i c i  en tl y el u c i  dated . 
Table 2. Yields o f  Phenols i n  S u p e r c r i t i c a l  Methanol Ex t rac t ions  as WtX o f  Ex t rac t  

Weight. 

I n d i a n  Head L i g n i t e  (11 I.lyodak Subbi tumi nous 

Phenol 25 0 300 350 250 (1 )  300 (1 )  350 (1 )  350 ( 2 )  

Phenol .18 .44 .77 .059 .056 .066 .OB 
o - C r e s o 1 .01 .36 2.02 .007 .065 .149 .132 
m-Cresol -0 3 .33 1.25 .024 .080 .056 .060 
p-Cresol t .47 .45 .032 .037 .045 .030 
Guaiacol .42 1.17 1.30 t t .003 t 
2 . 6 4  MePhe t .19 3.86 .003 .041 .435 ,388 
2-EtPhe 0 .O 5 0.43 .003 .014 .019 ,022 
2,4-DiMePhe t .41 5.57 .005 .123 .178 ,199 
2,5-DiMePhe t .04 .97 .002 .020 .041 .055 
2.3-DiMePhe -02 .32 2.37 .006 .045 .117 .116 
4-MeGuaicol .10 .82 1.98 t t .035 .030 
2.4,6-TriMePhe t .29 13.22 .001 .070 A 4 9  ,571 
2,3,6-Tri MePhe t .08 3.61 t -024 .211 .311 
4-MeOPhe 0 .01 .43 t t .004 ,012 
2.43-Tt-i MePhe t .04 4.42 .007 .040 .092 .114 
4,6-Di MeGua t .41 1.86 t t .045 ,004 
4-Indanol t .24 1.77 .003 .081 .099 .127 
3.4,5-Tri MePhe t t .a4 0 0 .004 .003 
5-Indanol t .O 3 .57 A01 .014 .024 .032 
2,3,5,6-MePhe t .07 5.59 .003 .016 .147 .252 I 
4-nPrGuai acol  .o 2 .22 .58 0 0 .002 .om 
2- Naphthol t .05 1.40 t t .019 .001 

Pressures: (1) = 2348 psia;  (2)  = 1233 p s i a  

1-Napht hol t .02 .28 .006 .002 .001 .003 

1 
Abbreviat ions:  Phe = phenol; Me = methyl; E t  = e t h y l ;  Pr = propyl ;  Gua = guaiacol ;  
Me0 = methoxy; T = t e t r a ;  t = t r a c e  

Other  phenols i d e n t i f i e d  by GC/MS and r e t e n t i o n  t ime bu t  not q u a n t i t a t i v e l y  
determined: 6-MeGuai acol  , 3,4-DiMePhe, 3,5-DiMePhe, 4-EtPhe. 4-EtGuai acol , 2,3,5- 
T r i  MePhe, 2,3,4,6-TMePhe, EtMePhe (5). 
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The d i s t r i b u t i o n  of phenol types found i n the  ex t rac ts  of Ind i  an Head l i g n i t e  
c a r r i e d  out a t  250" (Table 2 )  was s i m i l a r  t o  t h a t  found i n  py ro l ys i s  products (8) ;  
t h a t  i s ,  l a r g e  amounts of phenol and cresols ,  sma l le r  amounts of v i r t u a l l y  every 
type of a l k y l  phenol isomer, a l i m i t e d  ser ies o f  main ly  4 s u b s t i t u t e d  guai acols and 
catechols ( these were not q u a n t i t a t i v e l y  analyzed). Since t h e  Wyodak subbi tumi nous 
coal has a very small  methoxy group content ,  correspondi ng t o  a 1 ow concen t ra t i on  o f  
guaiacol groups i n  the  coal, on l y  traces of guaiacols were found i n  t h e  low- 
temperature ext racts .  The y i e l d s  of phenols fran t h e  Ind ian Head ex t rac t i ons  were 
much h igher  than those fran t h e  Wyodak coal a t  a l l  tmpera tu res .  

With bo th  coals the  h igher  temperature ex t rac t i ons  y ie lded  a d i s t r i b u t i o n  o f  
phenols d i s t i c t l y  d i f f e r e n t  f r a n  t h a t  obtained i n  the  low-temperature ext ract ions.  
Large increases i n  t h e  y i e l d s  o f  2.6-dimethylphenol and 2,4,6- t r imthy l  phenol were 
espec ia l l y  noticeable. This i s  evidence f o r  methy lat ion of t h e  r i n g  carbons of the  
phenols which occurs mainly a t  t h e  pos i t i ons  o r t h o  t o  t h e  hydroxyl group of t h e  
phenol. I n  add i t i on  t o  t h e  q u a n t i t i e s  repor ted i n  Table 2 f o r  t h e  phenols which 
were inc luded i n  our c a l i b r a t i o n ,  numerous o the r  C4-, C - and C s u b s t i t u t e d  phenols 
were i d e n t i f i e d  i n  t h e  350' e x t r a c t s  by GC/MS. Methy lat ion of t h e  a rana t i c  r i ngs  of 
t h e  guai acols and catechols was a l so  observed t o  have occurred du r ing  t h e  e x t r a c t i o n  
a t  h igh tenperatures; l a r g e  amounts of 4,6-dimethylguaiacol, 3,4-dimethylguaiacol, 
3,6-dimethylguai acol, C3-guai acols, C4-guai acols and C guai acols were found by 
GC/MS. Most of the  cmponents of t h e  product f ran e x t r a c t i o n  of I n d i a n  Head l i g n i t e  
a t  2 5 0 T  and most o f  t h e  l o w  molecular weight products from e x t r a c t i o n  a t  h ighe r  
tmpera tu res  have been i d e n t i f i e d ;  however, many o f  t h e  Wyodak e x t r a c t i o n  products 
are s t i l l  under i nvest i  gation. 

The e f f e c t s  of pressure on t h e  y i e l d s  o f  phenols was inves t i ga ted  a t  two 
pressures, 2348 psi a and 1233 psi a. The data f o r  e x t r a c t i o n  of Wyodak subbi tumi ncus 
coal a t  350°C a t  these two pressures are presented i n  Table 2. S i m i l a r  y i e l d s  f o r  
each of t h e  i n d i v i d u a l  phenols are observed. The phenol y i e l d  s t r u c t u r e  i s  
t he re fo re  domi nated by tenperature r a t h e r  than  pressure e f fec ts ,  cons i s ten t  with the  
hypothesis t h a t  release of phenols from t h e  coal ma t r i x  i s  c o n t r o l l e d  by a c t i v a t i o n  
energies f o r  bond cleavage r a t h e r  than  d i f f u s i o n .  Density and v i s c o s i t y  e f f e c t s  on 
t h e  phenol reac t i on  products are neg l i g ib le .  

Comparison of residue sur face groups 

The residues fran t h e  supercr i  t i c a l  methanol e x t r a c t i o n  of I n d i a n  Head l i g n i t e  
a t  t h ree  temperatures were examined us ing  photoacoustic spectroscopy t o  determine 
t h e  changes i n  func t i ona l  groups on t h e  sur face which r e s u l t  fran e x t r a c t i o n  and 
react ions of t h e  l i g n i t e  w i t h  t h e  solvent. The spect ra f o r  t h e  o r i g i n a l  d r i e d  
l i g n i t e  and th ree  residues a re  shown i n  F igu re  2. The broad carboxyl OH s t r e t c h i n g  
band extending f rom 3500 t o  2000 cm-l p rog ress i ve l y  decreases with samples o f  
i ncreasi ng e x t r a c t i o n  tenperatures, correspondi ng t o  conversion of t h e  ca rboxy l i c  
acids t o  methyl esters o r  t decarboxylat ion. The arbonyl s t r e t c h i n g  band i n  t h e  
o r i g i n a l  l i g n i t e  a t  1695 i s  changed t o  1717  cm-? ( w i t h  shoulder a t  h ighe r  wave 
number) i n  t h e  250" and 300°C ex t rac ts ,  a l so  i n d i c a t i n g  t h e  conversion t o  t h e  
ester .  The carbonyl band decreases somewhat and e x h i b i t s  a peak a t  1730 cm-l i n t he  
350°C ext ract ,  which i nd i ca tes  f u r t  e r  conversions. The i n t e n s i t i e s  of t h e  methyl 
absorptions a t  2960 and 1455 cm-! i nc rease  s i g n i f i c a n t l y  w i t h  t h e  e x t r a c t i o n  
temperature. These changes i n  v i b r a t i o n a l  bands of the  surface groups are 
consis tent  w i t h  t h e  a l k y l a t i o n  which has occurred during the e x t r a c t i o n  w i th  
supercr i  t i c a l  methanol. 

Thennogravimetri c data obtained w i t h  t h e  ex t rac ted  coal residues i ndi c a t e  t h a t  
t he  s u p e r c r i t i c a l  methanol ex t rac ts  a s i g n i f i c a n t  p o r t i o n  of t h e  compounds which 
would have normally v o l a t i l i z e d  i n  t h e  200" t o  400°C range. These curves also 
e x h i b i t  t h e  e f f e c t  of methy lat ion of oxygen groups which the rma l l y  decompose a t  
tenperatures above 400' r e s u l t i n g  i n  re lease of add i t i ona l  products. 
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Table 3. Proximate and U l t i m a t e  Analyses o f  Coal Samples Used. i n  Experiments. 

Proxi mate Analysi s 
V o l a t i l e  M a t t e r  
F ixed Carbon (by d i f f )  
Ash 

U l t ima te  Analysi s 
Hvdrown 
Carbon 
Ni t rogen 
S u l f u r  
Oxygen (by d i f f )  
Ash 

Wyodak 

43.5 
50.0 

6.5 

4.26 
64.62 

1.01 
.58 

23.04 
6.5 

Deer 
Creek - 
42.0 
47.2 
10 .A 

5.66 
71.21 

1.27 
.36 

10.70 
10.8 

Gascoyne 

40.1 
41.2 
18.6 

3.93 
57.56 

.8 7 
1.76 

17.28 
18.6 

Ind ian  
Head - 

43.8 
48.0 

8.5 

4.74 
66.20 

.9 6 

.72 
19.19 

8.2 

Nar t i  n 
Lake 

42.2 
42.8 
15.0 

0.32 
61.88 

1.23 
1.17 

20.40 
15.0 
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Figure 1. Plot of extraction yields from Indian Head lignite Venus solvent'density 
of methanol a t  250'C. 
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Figure 2.  Photoacoustic spectra of dried Indian Head coal and residues from 
supercri tical methanol extraction. 
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INTROOUCTI~N 
The ChemCoal Process u t i l i z e s  chemical means t o  t ransform coal and o the r  car- 

bonaceous ma te r ia l s  t o  s o l i d ,  l i q u i d ,  and s l u r r y  products. The process uses coal -  
der ived so lvents  and aqueous a l k a l i  t o  d i sso l ve  and breakdown carbonaceous 
mater ia ls .  
reac t i on  t o  cap organic  species. 
a ted from the  so lub le  organic  f r a c t i o n .  
water are ext racted from the so lub le  f r a c t i o n  and preasphaltenes (PA) and 
asphaltenes (A)  are p r e c i p i t a t e d  by t h e  a d d i t i o n  o f  methanol. The p r e c i p i t a t e d  PA 
and A, t he  ChemCoal s o l i d  products, have been s l u r r i e d  and used i n  a d iese l  
engine. The methanol f r a c t i o n  i s  processed t o  recovery recyc le  sol vent, a1 ka l  i , 
water, l i g h t  o i l s ,  and methanol. 
process operat ion a t  t h e  U n i v e r s i t y  o f  Nor th Oakota Energy Research Center 
(UNDERC). A 10 TPO demonstrat ion p l a n t  i s  proposed and w i l l  be s i t e d  near 
Powhatan Point, Ohio. 

CLASSICAL THERMAL PROCESSES 

Class ica l  d i r e c t  coa l  l i q u e f a c t i o n  processes i n v o l v e  h igh  temperature thermal 
treatment of coal t o  rup tu re  chemical bonds producing f r e e  rad i ca l  coal fragments. 
The f ree rad i ca l  fragments are s t a b l i z e d  by capping, w i t h  hydrogen o f  a coal -  
der ived so lvent  u s u a l l y  represented as Tetrahydrodecal in  (THO), C10H12. 
represented as F igu re  I. 

Carbon monoxide i s  used t o  generate hydrogen v i a  the water gas s h i f t  
I n s o l u b l e  s u l f u r  and ash i m p u r i t i e s  are separ- 

Recycle solvent, l i g h t  o i l s ,  a l k a l i ,  and 

The process has been evaluated under continuous 

Th is  i s  

F igu re  I FREE RADICAL MECHANISM 

Hydrogen Donation C10H12 + 4R' f=z===========Y 4RH + C10H8 
S t a b i l i z e d  Coal Product 

The c l  assi ca l  process requ i res  tempertures and pressures o f  approximately 
425°C and 2500 psig. 
and so lvent  regenerat ion are c a r r i e d  o u t  simultaneously i n  the  l i q u e f a c t i o n  reac- 
t o r .  
consumption of 4,000 SCF/ton o f  coal .  

Competing f r e e  r a d i c a l  react ions,  n o t  shown i n  F igu re  I ,  can occur r e s u l t i n g  
i n  recondensation of t h e  free r a d i c a l  coal  fragments and degradation o f  t h e  hydro- 
gen s h u t t l e  species. 
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I n  the SRC process thermal bond rupture, hydrogen donation 

The hydrogen gas treatment r a t e  may be 20,000 SCF/ton o f  coal feed w i t h  a 

Hydrogen s h u t t l e  species a r e  converted t o  degradation spe- 



I 

c i e s  which do no t  l e n d  themselves t o  regeneration. Condit ions which favo r  the  
hydrogen donation r e a c t i o n  do no t  necessar i ly  f avo r  sol vent regeneration. 
process attempts t o  overcome the  so lvent  degradation and regenerat ion 1 i m i t a t i o n s  
by use of a separate c a t a l y t i c  regeneration reactor .  

The EDS 

IONICALLY-AIDED CONVERSION 

The chemical t r a n s f o r n a t i o n  o f  coal ,  by t h e  ChemCoal Process, may make use o f  
i o n i c  chemistry wh i l e  b e n e f i t i n g  from low temperature thermal bond rup tu re  mecha- 
nisms. 

ChemCoal Process mechanisms may b e n e f i t  from both i o n i c  and thermal pro- 
cesses. The keto form o f  t h e  o-(hydroxyphenyl Iphenylmethane, OPPM, shown i n  
F igu re  I1 i s  more e a f i l y  formed i n t o  to luene and phenol than t h e  enol form. 
C-C bond shown by ' x  i n  I1 decreases i n  s t reng th  from 86 t o  46 kcal/mol. 
decrease i n  bond st rength,  due t o  a s h i f t  from sp2-sp3 t o  sp3-sp3 bondings as wel l  
as i t s  a l l y l i c  p o s i t i o n  w i t h  respect t o  the  oxygen atom, i s  co r re la ted  t o  a 
decrease i n  a c t i v a t i o n  energy over unassisted bond cleavage. The major  e f f e c t  o f  
a nuc leophi le  such as PhO- i s  t o  f a c i l i t a t e  proton t r a n s f e r  i n  keto/enol tauto-  
merisms. The bond may then be broken homo ly t i ca l l y  a t  a lower temperature. 
enol tautomerisms may be i o n i c a l l y  aided lead ing  t o  the low temperature thermal 
bond rupture.  

The r o l e  o f  t he  PhO- and form e mechanism i n  the ChemCoal Process has been 
repor ted by Por te r  and co-workers!81 The r o l e  o f  oxygenat h rocarbon bond 
d i s s o c i a t i o n  has been repor ted by McMil len and c o - w o r k e r s . ~ ~ ) ? ~ ) ( ~ ~  

I n  the  ChemCoal Process the  t ransformat ion o f  coal i s  achieved a t  about 325Y 
and 1250 p s i g  i n  the  presence o f  phenolics, added a l k a l i  and water, and carbon 
monoxide. The requirement f o r  t e t r a l i n  o r  o the r  hydrogen s h u t t l e s  does no t  e x i s t .  
Hydrogen p lays  a p a r t  i n  the conversion b u t  an external  source o f  hydrogen i s  n o t  
required, as the  hydrogen i s  supplied from the water and CO. 

Under the  ChemCoal processing cond i t i ons ,  t h e  water gas s h i f t  r e a c t i o n  (WGSR) 
i s  promoted. 
promote the  WGSR do no t  necessar i ly  promote t ransformat ion o f  coal .  Therefore, i t  
i s  assumed t h a t  there i s  a competing r e a c t i o n  b u t  t h e  presence o f  hydrogen and the 
formate i o n  are b e n e f i c i a l .  

I o n i c  reac t i ons  are represented i n  F igu re  11. 

The 
Th is  

Keto- 

It has been observed i n  the  l abo ra to ry  t h a t  those cond i t i ons  which 

FIGURE 11. TUERHAL BOND RUPTURE AND ISOHER12ATION OR H-CAPPING 
IN THE PRESENCE OF A SUITABLE H-DONOR 

o-benrylphenol  

or 

H-Capping i n  
t h e  p c e s t n ~ e  
OL s u i t a b l e  

P h 
b 

k l P h  

(nucl.ophi10 a a . i s t e d  
p-benzylphon01 
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PROCESS DESCRIPTION 
The ChemCoal Process i nvo l ves  t h e  f o l l o w i n g  f i v e  steps shown i n  F igure 111: 

F i g u r e  I 1 1  ChemCoal Process Schematic 

Sol va t i on  Lv 
Sol i d  

I I CH7OH 1 
Di  s t i l l  a t i  on 

c 
ChemCoal Sol i d  D i  s t i  11 ates 

Preparation: The coal i s  crushed and mixed w i t h  recyc le  so lvent .  
Sol vat ion:  The coal s l u r r y  i s  heated t o  about 325°C i n  the presence of 

syngas a t  approximately 1250 psig. 
des ign incorporates a slow heat ing r a t e  and a means t o  
ma in ta in  S/C r a t i o s  i n  t h e  reactor .  
The s l u r r y  i s  cen t r i f uged  t o  remove the so l ids.  
The f i l t r a t e  i s  t r e a t e d  w i t h  methanol t o  e x t r a c t  phenol, 
water, and a l k a l i .  The ChemCoal s o l i d  p r e c i p i t a t e s  and i s  
separated from t h e  l i q u i d  phase. 
The l i q u i d  phase i s  d i s t i l l e d  t o  recover methanol, d i s t i l -  
l a t e s ,  and r e c y c l e  solvents. 

The preheater and reactor  

S o l i d  Separation: 
L i q u i d  Separation: 

D i  s t i l l  a t i on :  

PROCESS RESULTS 

Table I s u m a r i z e s  t h e  u l t i m a t e  ana lys i s  o f  th ree  ChemCoal Process coal- 
der ived s o l i d  products. 
a re  s i m i l a r  t o  No. 2 and No. 6 f u e l  o i l  i n  terms o f  s u l f u r ,  n i t rogen,  and ash 
content. 

It i s  impor tant  t o  note t h a t  t h e  coal -der ived products 
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Table I ChemCoal Product Analyses Compared t o  Fuel O i l s  

Coal Rank: L i g n i t e  Bituminous Fuel O i l  Fuel O i l  
Source: No. Oak. Ohio No. 6 No. 6 No. 2 

Ash 0.19 
Carbon 83.5 
Hydrogen 6.41 
Nit rogen 0.92 
S u l f u r  0.25 
Oxygen ( d i  f f )  8.73 
HHV ( 8 t u / l b )  15,400 
l b  Ash/MMBtu 0.115 
l b  S02/W8tu 0.32 

0.12 0.01- 0.5 N i  1 
86.06 86.5 -90.2 86.1-88.2 
6.11 9.5-12.0 11.8-13.9 
1.23 2.0 0.2 
0.41 0.7- 3.5 .05- 1.0 
6.07 2.0 N i  1 
15,700 17,400-19,000 19,000-19,750 
0.076 0.005-0.30 N i l  
0.52 0.75-4.0 05.1.0 

Other ChemCoal Product P roper t i es  ( t y p i c a l  ) :  
A u t o i g n i t i o n  Temperature 1100, 2 3OoF 
Equ i l i b r i um Moisture 0.9% 
Spec i f i c  Grav i t y  1.03 

Also o f  concern i n  t h e  processing o f  coal i s  t h e  s u l f u r  and ash content  o f  
t h e  products. 
which shows t h a t  t he  products are very l ow  i n  ash and s u l f u r  content. I n  t h e  case 
o f  an Eastern coal from t h e  Sunnyhi l l  Mine i n  Ohio (Ohio No. 6 seam), i t  i s  seen t h a t  
t he  s u l f u r  and ash content  are reduced from 2.11 weight % t o  0.41 weight  % and 
10.5 weight % t o  0.12 weight %, r espec t i ve l y .  I n  t h e  case o f  t h e  Western low-rank 
coal from the Ind ian  Head Mine (Zap seam) o f  Nor th Dakota, t h e  s u l f u r  and ash are 
reduced from 1.18 weight % t o  0.25 weight % and 12.93 weight % t o  0.19%, respec- 
t i v e l y .  

Resul ts  obtained from a se r ies  o f  coa ls  a r e  summarized i n  Table I 1  

Table I1 ChemCoal Process Resul ts  

ChemCoal Percent 
Feedstock : 
I d e n t i f i c a t i o n :  

Coal Feeda Producta Reduction 
S u l f u r  Ash S u l f u r  Ash S u l f u r  Ash - - - -  _ _ -  

Ohio No. 6 2.11 10.5 0.41 0.12 80.6 98.9 

North Dakota L i g n i t e  1.18 12.93 0.25 0.19 78.8 98.1 
(Sunnyh i l l )  

( I n d i a n  Head Mine) 
Colorado Wadge 0.51 8.56 0.23 0.03 54.9 99.6 

(Energy Fuels 11) 

(B ig  Brown) 
Texas L i g n i t e  0.85 14.10 0.07 0.07 91.8 99.5 

a Weight percent, on a mois ture- f ree bas is .  

CONTINUOUS PROCESS UNIT (CPU OPERATION i 

1 mode. The u n i t  i s  depic ted schematical ly i n  F igu re  I d 5 ) .  Table 111 summarizes 
I 

A continous process u n i t  was operated a t  UNDERC under the  ChemCoal processing 

t h e  operat ing cond i t i ons  f o r  the CPU t e s t  on an Ind ian  Head L i g n i t e .  The CPU 
operated f o r  40 recyc le  passes. 
recyc le  so lvent  was approximately 95% coal -der ived from t h e  process. 

The r e s u l t s  confirmed 
e a r l i e r  batch conversion data, estab l ished o p e r a b i l i t y  o f  t he  process, and so lvent  
ba l  antes. 

During passes 30-39, GC/MS data i n d i c a t e d  the  ! 
Table I V  summarizes the  r e s u l t s  from t h e  recyc le  t e s t .  t 
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FIGURE IV 
The ChernCoal CPU Scheme 

I I 

Solvent w Water 
Make.up NaOll-1.45 

Coal. wrh'water. 25.34 
m l  ARWfoAsh. 7.48 
mICoal 25.74 
mal Coal 23.81 

I 

FIGURE 2.4. Developing Stream Dala as WI% 01 Feed Slurry 

/--A-J ChemCoal 

Table 111 ChemCoal Recycle Test - Operating Conditions 
Indian Head Lignite 

1.8 solvent-to-coal r a t i o  (2 .5  lbs/hr)  
A1 kal i a t  6% of MAF coal 
Preheater/refl ux -- 25O0C/18O0 psi  
Reactor/refl ux -- 340"/1800 psi 
Syngas feed before reactors  ( 7  SCFH) 
MEOH addition t o  PPT ChemCoal sol ids  
Centrifuge -- sol ids  removal 
Dis t i l l a t ion  -- 19" VAC/10O0C 

Table iV ChemCoal Recycle Test - Results 
Indian Head Lignite 

I 

. System operable for  40 recycle passes . Solvent balance achieved 

. Conversions -- = 85% MAF coal . Reductant consumption ( C O )  i n  H2 equivalents 6 1.5% MAF coal . Gas make -- * 2.0% M A F  coal . PA and A y i e l d  -- 50% MAF coal . D i s t i l l a t e  y ie ld  -- 30% MAF coal 

7 4  



lo I 

75 



DEMONSTRAT I ON PLANT 
An o v e r a l l  b lock  f l o w  diagram o f  a conceptual 10 TPD.ChemCoa1 demonstrat ion 

p l a n t  i s  shown i n  F i g u r e  V. A b r i e f  d e s c r i p t i o n  o f  t h e  processing steps i s  g i ven  
i n  the f o l l o w i n g  paragraphs. 

The coal i s  rece ived  from storage, crushed and ground t o  80% minus 200 mesh. 
The coal i s  then mixed w i t h  two pa r t s  O f  process-derived recyc le  so lvent  t o  one 
p a r t  coal and an amount o f  aqueous a1 ka l  i . 

The s l u r r y  mix i s  pumped t o  about 1500 p s i g  through a 
heater/preheater/reactOr system. 
t i o n  occurs a t  about 340°C. 

The reac to r  e f f l u e n t  m ix tu re  (gas, l i q u i d ,  and s o l i d s )  i s  separated i n  a 
phase separator. 
t o  the l i q u i d  s l u r r y  streams. 
species . 

The s l u r r y  stream i s  processed through a c e n t r i f u g e  t o  remove so l i ds .  
f i  1 t e r  cake ( c e n t r i f u g e  sol i d s )  i s  washed t o  recover process so lvent  cons t i  t u -  
t en ts ,  which a re  re tu rned  t o  t h e  process. The cleaned cake i s  rendered i n e r t  by 
heat treatment (py ro l yzed ) ,  a l l  l i q u i d s  returned t o  the  process, and a l l  gases 
( n o t  shown) f l a r e d  and scrubbed. 

stream. The ChemCoal so l  i d  product (coal -der ived preasphaltenes and a1 phal tenes) 
p r e c i p i t a t e s  when contacted w i t h  methanol. The p r e c i p i t a t e  i s  removed by c e n t r i -  
fugat ion,  washed, and s tored f o r  subsequent product t es t i ng .  The l i q u i d  stream i s  
d i s t i l l e d  t o  recover recyc le  so lvent ,  coal -der ived d i s t i l l a t e ,  and methanol. 

Inc., C R I  Associates, L imi ted,  and The Nor th American Coal Corporat ion i s  p lanning 
t o  design, cons t ruc t ,  and operate a demonstration p l a n t  a t  a f a c i l i t y  near 
Powhatan Po in t ,  Ohio. 
the MK-Ferguson Company o f  Clevland, Ohio are a s s i s t i n g  ChemCoal Associates i n  
t h i s  e f f o r t .  

I n  t h e  presence o f  carbon monoxide, coal solva- 

Residual l i q u i d s  are condensed from the  gas stream and returned 
The gases are f l a r e d  and scrubbed t o  remove noxious 

The 

The f i l t r a t e  ( c e n t r i f u g e  l i q u i d s )  a re  contacted w i t h  a recyc le  methanol 

ChemCoal Associates, a j o i n t  teaming arrangement between Carbon Resources, 

The U n i v e r s i t y  o f  Nor th Dakota Energy Research Center and 
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THE DIRECT USE OF NATURAL GAS IN ~ A L  LIQUEFACTION 

Muthu S. Sundaram* and Heyer Steinberg 
Process Sciences Div is ion  

Brookhaven Nat ional  Laboratory 
Upton, New York 11973 

The main objec t ive  i n  coal l i q u e f a c t i o n  is t o  convert coal  i n t o  a 
b e t t e r  fue l  t h a t  i s  e a s i e r  t o  t ranspor t  and c leaner  to  burn. During the  
l iquefac t ion  process ,  the macromolecular network of coal substance is  
broken i n t o  smaller  u n i t s  and rearranged i n t o  l i g h t e r  products of reduced 
molecular weight. More s p e c i f i c a l l y ,  the chemical conversion of coa l  in- 
volves an upgrading i n  its hydrogen content  or i n  o ther  words, increas ing  
the H / C  r a t i o .  

I n  l iquefac t ion ,  t h i s  is  achieved by rap id ly  heat ing coa l ,  s l u r r i e d  
i n  a hydrogen donor vehicle ,  to temperatures of  350-500% f o r  considerably 
long residence times. The s l u r r y  vehic le  serves  both aa a d ispersant  as  
well a s  the reac tan t .  The commonly employed s l u r r y  vehic les  conta in  par t -  
l y  sa tura ted  s t r u c t u r e s  such a s  t e t r a l i n .  The importance of the vehic le  
was recognized by Fischer  i n  1937( l )  and the r o l e  of hydrogen t r a n s f e r  
from vehic les  to  coa l  was discussed by Curran e t  a1.(2)  R ce t l y  Neavel 
s tud ied  the hydrogen t r a n s f e r  process  i n  much more d e t a i l . e 3 . a  I n  these 
i n t e r e s t i n g  s t u d i e s ,  he found t h a t  during i n i t i a l  s t a g e s  of l i q u e f a c t i o n ,  
very l i t t l e  hydrogen is  required to s t a b i l i z e  the f r e e  r a d i c a l s  generated 
from coal ;  however, during the la ter  s t a g e s  - when more benzene-soluble 
products a r e  formed - each successive increment of benzene-soluble mate- 
r i a l  required more hydrogen than the previous increment. For example, the 
incremental conversion from 40 t o  50% consumed 0.23 p a r t s  by weight of 
hydrogen, whereas the  same 10% conversion increment from 80 t o  90% con- 
sumed 0.8 p a r t s  by weight of hydrogen. Thus, the hydrogen t r a n s f e r  and 
hence hydrogen requirement i s  found to  increase exponent ia l ly  wi th  coal  
conversion. 

The hydrogen required has to  come e i t h e r  from the coa l  i t s e l f  or i t  
must be suppl ied from an ex terna l  source,  e.g. the s l u r r y  vehic le  or gase- 
ous hydrogen, or both. A l a rge  number of so lvents  have been used as s l u -  
r r y  vehicles .  The hydrogen donor capaci ty  of a solvent  depends m i t s  
molecular s t ruc ture .  Wise found t h a t  the hydro-aromatic compounds were 
more e f f e c t i v e  hydrogen donors than the aromatic  analog; f o r  example, 
p iper id ine /pyr id ine ,  pyrol idine/pyrrole ,  indol ine/ indole ,  tetrahydroquino- 
l ine /quinol ine ,  tetrahydronaphthalene ( te t ra l in) /naphtha lene ,  perhydropy- 
rene/pyrene, e t c  ( 5 )  T e t r a l i n  has been used as  a hydrogen donor so lvent  
f o r  a long time.i6) The u s e  of synthe t ic  recycle  so lvents  has increased 
r e c e n t l y  f o r  economic process purposes. However, f o r  labora tory  research  
s t u d i e s ,  t e t r a l i n  is s t i l l  used ex tens ive ly  where a hydro-aromatic so lvent  
is required.  

The hydro-aromatic solvents .  r i c h  in donor hydrogen, can meet the 
hydrogen demand even in the  absence of gaseous hydrogen. However, i n  most 
of the  processes cur ren t ly  under development, so lvents  with high hydro- 
aromatic  contents  a r e  not  always p r a c t i c a l .  For example, i n  t h e  Exxon 
donor so lvent  (EDS) process, i n  which a n  e x t e r n a l l y  hydrogenated recyc le  
donor so lvent  is used, about  50% of the hydrogen requirement is d i r e c t l y  

77 



m e t  by the gaseous hydrogen.('S8) Thus, i f  the concentrat ion of hydro- 
aromatics  is less i n  the recycle  so lvent ,  then the gaseous hydrogen would 
be a n t i c i p a t e d  to make up the def ic iency.  This was the case i n  which an 
I l l i n o i s  No. 6 (Monterey) coa l  was reacted f o r  90 minutes under 1000 p s i  
hydrogen pressure  i n  the presence of s y n t h e t i c  recyc le  so lvents  of varying 
t e t r a l i n  contents .  ( 9 )  

Vernon(10) s t u d i e d  the ro le  of molecular hydrogen on the pyrolysis  
of model compounds present  i n  coal .  From t h i s  study, he concluded t h a t ,  
"...high pressure  hydrogen can promote the hydrocracking of some carbon- 
carbon bonds i n  the  coal s t r u c t u r e  t h a t  a r e  too s t rong to  break thermally, 
and lead  t o  higher  d i s t i l l a b l e  l i q u i d  yields ."  This is a l s o  supported by 
the  SRC-I P i l o t  P l a n t  data.(11) An increase  i n  the p a r t i a l  pressure of 
hydrogen i n  the d i s s o l v e r  increased the coal  conversion with an a t tendant  
increase  i n  the  hydrogen consumption. I n  short-contact- t ime-l iquefact ion 
of severa l  coa ls  of d i f f e r e n t  ranks,  the low rank coa ls  consumed g r e a t e r  
amounts of hydrogen than the high rank coa ls  and i n  those cases  where the 

from the hydrogen gas. (I2) Under long residence times, the hydrogen con- 
sumption increased monotonically, both with temperature and pressure.  ( I 3 )  

L _  .gGrogeii cocsu;;p:ion vas high, s a b o t a n t i d  quant i ty  cf *drogeE was derived 

The deuterium t r a c e r  method developed by Heredy and coworkers has re- 
vealed t h a t  the  hydrogen contac t  opportuni ty  is very important f o r  the pro- 
duct ion of so luble  products. The so luble  products increased from 3 to  11 
t o  23%. a s  a r e s u l t  of increas ing  the hydrogen contac t  opportunity. They 
concluded t h a t  apparent ly  there  was 8 d i r e c t  rou te  f o r  incorporat ion of de- 
uterium ( tesumsbly hydrogen, t o o )  i n t o  the coal matrix without the a i d  of 
t e t r a l i n .  P14915) 

Recent s t u d i e s  by Morita, e t  a l ( l 6 )  show t h a t  the e f f e c t  of hydro- 
gen pressure  on coa l  hydrogenation was inf luenced by the type of coal used. 
The l i q u e f a c t i o n  conversion of a low v o l a t i l e ,  oxygen r i c h  Morwell coal 
(Aus t ra l ia )  w a s  n o t  a f fec ted  by hydrogen pressure.  On the other  hand, high 
oil y i e l d s  were obtained from a high v o l a t i l e  Taiheiyo coal (Japan) a t  high 
hydrogen pressures .  

Wilson, e t  have concluded t h a t  the la rge  consumption of 
hydrogen a t  400-425OC and 1000 psi hydrogen pressure,  i n  t e t r a l i n  donor 
s o l v e n t  l i q u e f a c t i o n  of Aus t ra l ian  Liddel l  coa l ,  is not due to  the hydro- 
genat ion of the aromatic  r ing ,  b u t  due to  the a l k y l  bond f i s s i o n  and hy- 
drogenolysis  reac t ions .  Thus, high hydrogen pressures  can lead t o  enhanced 
y i e l d  of by-product hydrocarbon gases ,  Cl-C4, which r e s u l t  is the  unprof i t -  
a b l e  consumption of expensive hydrogen. 

It appears  t h a t  c e r t a i n  c o n s t i t u e n t s  of coal mineral mat ter  may have 
c a t a l y t i c  e f f e c t  on the hydrogen t ransfer .  The  general agreement is t h a t  
i r o n  conta in ing  minerals ,  Fez03 and i r o n  s u l f i d e s  i n  p a r t i c u l a r  a r e  ex- 
c e p t i o n a l l y  good i n  enhancing the d i s t i l l a b l e  product yield.  ( 1 8 ~ 1 ~ )  
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A l l  e x i s t i n g  processes f o r  d i r e c t  l iquefac t ion  of coal  by so lvent  ex- 
t r a c t i o n ,  SRC-I, SRC-I1 and SRC-SCTL processes ,  the  EDS process  and the 
H-coal process ,  u t i l i z e  molecular hydrogen a t  high pressures  (over  1000 
psig) .  The t o t a l  hydrogen consumption is i n  the range of  3-5% of the 
amount of the coal feed of which a s i g n i f i c a n t  por t ion  comes from molecu- 
l a r  hydrogen depending on the rank of the coal  and the q u a l i t y  of the re- 
cycle  o i l .  The c o s t  ana lys i s  of a typ ica l  coa l  l i q u e f a c t i o n  process  shows 
t h a t  a s  much a s  one-third of the o v e r a l l  c o s t  goes towards hydrogen 
production. (20) 

T h i s ,  n a t u r a l l y ,  has increased i n t e r e s t  i n  f ind ing  cheaper s u b s t i -  
tutes f o r  expensive hydrogen. The use of CO, CO-HzO and CO-H2 i n  d i r e c t  
coal  l i q u e f a c t i o n  has been explored. (21-24) The b e n e f i c i a l  e f f e c t s  of 
d i r e c t  addi t ion  of H S on coal l i q u e f a c t i o n  has a l s o  been reported by se- 
v e r a l  w o r k e r ~ . ( ~ ~ * ~ ~ 3  More recent ly ,  a d d i t i o n  of H2S to the synthes is  
gas i n  the l i q u e f a c t i o n  of a l i g n i t e  has been found to increase  the hydro- 
gen donor capac i ty  of the recycle  solvent . (27)  The c a t a l y t i c  a c t i v i t y  
of s u l f i d e  minerals  i n  coal l i q u e f a c t i o n  l a r g e l y  seems to be r e l a t e d  to 
the capac i ty  to  generate  H2S v i a  f r e e  r a d i c a l  chain r e a c t i o n ~ . ( ~ ~ , ~ ~ )  
However, H2S might be advantageously recycled only i n  a process  where a 
high degree of s u l f u r  removal is not  required.  This  i s  due to the de- 
creased s u l f u r  removal from the product desp i te  the improved conversion of 
coal .  For example, increasing the p a r t i a l  pressure of HzS, from 6 p s i  to 
40 p s i  i n  1600 p s i  hydrogen, caused a decrease i n  the THF inaolubles  from 
10.4 to 5.6%. but  a t  the same time the s u l f u r  i n  the product l i q u i d  rose 
from 0.45 to  0.61%.(30) This can impose a severe economic penalty. 

One of the reaaons f o r  the use of CO + H2, CO + H20, CO + H 2  + HzS, 
and HzS i n  coa l  hydrogenation is t h a t  these gases  a r e  produced during the 
coal  l iquefac t ion ,  and i n  a real process they could be recycled. I t  is 
noted, however, t h a t  among the gaseous reac t ion  products, the y i e l d  of 
l i g h t  hydrocarbon gases  ( C 1  to  Cb), i n  general ,  is grea ter  than the  com- 
bined y i e l d  of gases containing hetero-atoms. Roughly, about half of the 
C1-C4 l i g h t  hydrocarbons is made up of methane alone and the  low rank 
coa ls  produce f a r  r e a t e r  amounts of methane and C2-C4 gases  than the 
higher  rank coa ls . (&)  

This  leads  to  an i n t e r e s t i n g  p o s s i b i l i t y  of using methane as  a sub- 
a t i t u t e  f o r  hydrogen i n  the d i r e c t  l i q u e f a c t i o n  of coal. Though methane 
gas is homogeneously s t a b l e  a t  l i q u e f a c t i o n  temperatures (methane i s  
thermodynamically s t a b l e  t o  temperatures of 75OOC). thermally produced 
f r e e  r a d i c a l s  from coal  and, the f r e e  r a d i c a l s  from the so lvent  can ab- 
s t r a c t  hydrogen atom from methane, thereby s e t t i n g  the atage f o r  an a r r a y  
of f r e e  r a d i c a l  reac t ions .  I t  should be noted t h a t  methane and hydrogen 
both have the same bond d issoc ia t ion  energy (CH4 __c CH3. + H. and - 
HZ H. + H.) equal  t o  104 K ~ a l / m o l e . ( ~ ~ )  I t  is poss ib le  t h a t  during the 
courae of the f r e e  r a d i c a l  reac t ions ,  the methyl r a d i c a l s  generated from 
the d i s s o c i a t i o n  of methane could react with r a d i c a l s  from coal  thereby 
causing a l k y l a t i o n  of coal. Alkylated coal  has been found to produce 
g r e a t e r  i e l d  of benzene and pyridine so luble  products than the  unt rea ted  
coal .  ( 3 3 r  
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There is, y e t .  another  possible  f a c t o r  t o  be considered i n  the i n t e r -  
8 C t i O M  of methane w i t h  C o d  i n  a so lvent  vehic le .  The f ree  r a d i c a l s  pro- 
duced from the methane w i l l  e i t h e r  r e a c t  with the so lvent ,  the coal ,  or 
even the methane i t s e l f .  This would tend to increase  the t o t a l  l iqu id  and 
gaseous y ie ld  i n  the system. Thus, it may be expected tha t  not  only w i l l  
the coa l  be converted t o  l i q u i d  hydrocarbon products ,  bu t  the makeup feed 
mater ia l  a l s o  would be converted to  valuable  higher  hydrocarbon products. 
The economic a t t r a c t i v e n e s s  of the e n t i r e  process should, therefore ,  
improve. 

No experimental d a t a  on the use of methane, in  d i r e c t  l i q u e f a c t i o n  of 
coal e x i s t  i n  the l i t e r a t u r e .  In  an e f f o r t  t o  def ine the possible  r o l e  of 
methane i n  the conversion of coal  t o  l i q u i d  products, experiments were 
conducted with a n  I l l i n o i s  No. 6 coa l ,  designated as PSOC-1098 i n  Penn 
State/DOE Coal d a t a  base. An a n a l y s i s  of the Coal employed i n  t h i s  inves- 
t i g a t i o n  i s  g iven  i n  Table  1. 

Detai led d e s c r i p t i o n  of the cons t ruc t ion  and operat ion of the tubing 
bamb r e a c t o r  is avai lable . (34)  The l i q u e f a c t i o n  condi t ions were as 
follows: 2.5gm Coal + 7ml t e t r a l i n e  as donor vehic le ,  400-425OC, gas 
pressure ( a t  temprature)  1400 p s i ,  30 minutes reac t ion  time and a g i t a t i o n  
a t  400 min-l. A t  the end of the reac t ion ,  the contents  were cooled by 
quenching the r e a c t o r  i n  cold water and the gases  were vented to  the atmo- 
sphere. The remaining products were r insed  out of the r e a c t o r  i n t o  a 
soxhle t  t r imble wi th  e t h y l  a c e t a t e  (EtoAc). This  was then followed by ex- 
haust ive e x t r a c t i o n  of the products with EtoAc i n  a soxhlet  apparatus f o r  
24 hours. Af te r  removal of EtoAc i n  a vacuum oven, the residue was weigh- 
ed t o  determine t h e  t o t e l  conversion. From a knowledge of the coal miner- 
a l  mat ter  c o n t e n t  of Coal, l i q u e f a c t i o n  conversion on a dry,  mineral 
matter f ree  b a s i s  c8n be c a l c u h t e d .  

Table  1 

Analysis  of PSOC-1098, I l l i n o i s  No. 6 hvAb Coal 

Proximate Analysis: Ultimate Analysis: 

daf dmmf (Par r )  
% V o l a t i l e  matter: 35.15 mm: 19.32% 
% Fixed carbon : 48.99 C 80.20 83.64 

N 1.45 1.51 
S 4.73 
c1 0.06 0.06 
0 ( d i f f )  7.84 8.03 

% D r y  a s h  : 15.86 H 5.73 5.97 

The l i q u e f a c t i o n  experiments i n  methane atmosphere were conducted 
with b o t t l e d  methane gas a t  400, 425, and 45OoC. The Coal l iquefac t ion  
conversions to e t h y l  a c e t a t e  so lubles  ( o i l s  + a S p h d t a ' ~ e S )  p lus  gases were 
71.3, 73.4 and 75.4% (dmmf) a t  400. 425 and 450OC, respec t ive ly .  These 
data  a r e  p lo t ted  as a func t ion  of temperature i n  Figure 1. I n  comparison, 
the l i q u e f a c t i o n  of the  same C o d  a t  425OC yielded 74.8% (dmmf) of gases  
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and l i q u i d s  i n  the presence of hydrogen which is only s l i g h t l y  higher  than 
i n  methane (73.4X) and 68.2% (dmmf) i n  ni t rogen,  which is considerably 
lower than i n  methane. Thus, the ind ica t ion  is t h a t  methane could be a 
p o t e n t i a l l y  usefu l  hydrogenation agent  i n  d i r e c t  coal l iquefac t ion .  A 
s impl i f ied  process block-diagram of the var ious processing s t e p s  a r e  shown 
i n  Figure 2. 

A comparative assessment of the performance of the Coal-methane sys- 
tem with the coal-hydrogen system under nominal l i q u e f a c t i o n  condi t ions ,  
i n  var ious so lvents ,  w i l l  be an important cont r ibu t ion  to  the emerging 
coa l  l i q u e f a c t i o n  science and technology. This  study could lead t o  the 
development of a l t e r n a t e ,  new and economically a t t r a c t i v e  coal l iquefac-  
t i o n  processes. 
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Introduction 

It is generally accepted that a bituminous coal is best represented as a macromolecular, 
highly cross-linked, three-dimensional structure with aromatic clusters cross-linked by ether 
and alkane bridges and hydrogen bonds (1.2). Therefore, most coal conversion reactions 
involve reacting coal under severe conditions of temperature and pressure. As a result of 
the severe conditions, bond cleavage was nonselective and often accompanied by 
retrogressive (bond-forming) reactions. In this paper, we report on the reaction of a 
bituminous coal with a powerful yet selective site-specific reagent, namely, potassium-crown 
ether operating at room temperature and atmospheric pressure. The potassium-crown ether 
reagent can generate a stable solution of electrons at room temperature and atmospheric 
pressure (3,4). The small size of the electron and its high reactivity permits it to diffuse 
into the macromolecular coal network and transfer onto the aromatic substrates in the coal. 
This results in the formation of aromatic radical anions or dianions which undergo cleavage 
reactions at ether (5.6) and diary1 alkane linkages (7.8). Furthermore, crown ethers act as 
phase transfer catalysts in promoting the electron transfer to the solid coal. The reduction 
of the aromatic rings to dihydro or tetrahydro products occurs along with the cleavage 
reactions (9). 

Experimental 

A 250 ml round bottom flask was flame dried and flushed with nitrogen. Potassium 
metal (2.96 g. 75 mmole) was cleaned and cut under hexane and transferred into the round 
bottom flask in a nitrogen atmosphere glove box. The flask was again flame dried and 
flushed with nitrogen to remove traces of hexane. 100 ml THF solution of crown ether (4.0 
g,  15 mmole) was added to the potassium metal via a double-ended needle. A dark blue 
solution was obtained which was cooled to O°C in an ice bath for 30 minutes. One gram of 
Illinois No. 6 coal (C=74.69%; H=5.44%; N=1.88%;0=18.06%; 100 mesh) was added to 
the K-CE/THF solution using a transferring tube which was originally attached to the round 
bottom flask. The reaction mixture was stirred for 48 hours under nitrogen at room 
temperature. It was then cooled to O°C and quenched with water. The THF was removed 
by rotaevaporation. The aqueous slurry of the coal was freeze-dried to remove the water. 
The work-up of the reacted coal is shown in Figure 1. 

Results and Discussion 

The Illinois No. 6 bituminous coal was reacted with the potassium-crown ether reagent 
at room temperature and atmospheric pressure. The reaction mixture was quenched with 
water and fractionated into THF extracts and alkali-solubles as shown in Figure 1. For each 
K-CE reaction, 5 2 0 %  of the coal was solubilized into THF and aqueous alkali fractions. 
After the third and fourth K-CE reactions, about 50% and 75% of the original coal was 
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solubilized, respectively. The formation of the alkali-soluble coal fragments indicated that 
ether linkages are being cleaved to form phenolic coal fragments. 

Table 1. Total Solubility of Illinois No. 6 Coal 
inr Each Fraction After Three and Four K-CE Reactions 

Notebook # THF-1 ALK THF-2 Total Solubility 
( W )  (8) (%) Solubles Residue 

H2-52A (A-C) 
Three K-CE Reactions 9.9 26.9 14.7 51.5 51.2 

H3-6 
Four K-CE Reactions 13.7 51.6 12.8 78.0 22.8 

The reason for successive K-CE reactions is due to certain limiting steps in the electron 
transfer process: (1) concentration of the solvated electrons in solution-more concentration 
of electrons, greater would be the transfer to the aromatic substrates in coal which in turn 
would mean greater cleavage and reduction reactions being initiated; (2) intrinsic repulsive 
barrier of the negatively charged aromatic substrates generally by the initial electron 
transfer; and (3) mass transport limitations. Obviously. one can increase the solubility of 
the coal into the various fractions by optimizing the potassium-crown ether to coal ratio, 
reaction time, temperature, and etc. However, successive potassium-crown ether reaction 
allows us to selectively snip at  the macromolecular network at room temperature and 
atmospheric pressure conditions to prepare solubilized coal fragments with are amenable to 
detailed chemical, spectroscopic, chromatographic, and mass spectrometry analysis. 

The elemental composition of each soluble fraction (THF-1, alkali, THF-2) and 
insoluble coal residue was determined by microanalysis. (Table 2). The hydrogen to 
carbon ratios are also included in Table 2. The results showed that after each K-CE reaction 
of coal there is an increase in the number of hydrogen atoms. The overall hydrogen uptakes 
are  7, 18, and 22 per 100 C-atoms for first, second, and third K-CE treatment, respectively. 
The hydrogen uptake is due to reactions such as Birch-Huckel-type reduction, cleavage of 
aliphatic bridges and ether linkages occurring during the K-CE reaction with coal. 

Both THF extracts (THF-1 and THF-2) have higher HIC ratio as compared to the alkali 
soluble fraction and the insoluble residue during each K-CE reaction. A gradual increase in 
H/C ratio for each fraction after second and third consecutive K-CE treatment was also 
observed. 
suggests further that reduction and cleavage of coal molecules upon additional K-CE 
treatment were occurring. 

Figure 2 shows the infrared spectra of the various extracts obtained from the K-CE 
reaction with the coal. The IR spectrum of THF-1 extract was dominated by sharp aliphatic 
CH stretching bands just below 3000 cm-' suggesting that this extract contains 
predominantly aliphatic material. This finding is in agreement with the high HIC ratio 
obtained for this extract. The spectrum f THF-2 extract also showed the dominating C-H 
stretching vibrations just below 3000 cm-'; however, a broad OH stretching vibration in the 
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Table 2. Elemental Analysis of K-CE Treated Coal 

Analysis ( ~ 4 1 )  (daf) 
C H N 0 HIC 

_____.  

Illinois No. 6 untreated coal 74.69 5.44 1.88 18.06 0.87 

(1st K-CE Reaction) 
2-5 2A -THF- 1 79.00 8.74 2.35 9.90 1.33 
2-5 2A-A lk 71.76 5.90 1.55 20.77 0.99 
2-52A-THF-2 74.02 7.04 0.81 18.14 1.14 
2-52A-Res 73.23 5.95 1.28 19.50 0.90 

(2nd K-CE Reaction) 
2-52A-THF-1 75.01 7.96 0.44 16.59 1.28 
2-52A-AIk 68.34 5.97 0.90 24.80 1.05 
2-52A-THF-2 67.93 7.22 0.56 24.20 1.28 
2-52A-Res 74.12 6.27 0.71 19.70 1.02 

(3rd K-CE Reaction) 
2-52A-THF- 1 
2-52A-Alk 71.00 6.67 0.99 21.34 1.13 
2-52A-THF-2 70.67 7.51 0.77 21.05 1.28 
2-52A-Res 73.00 6.54 1.02 1.94 1.08 

Note: THF-1: THF extract of alkali residue 
Alk: 
THF-2: THF extract of acidified residue after THF-1 and Alkali 

Aqueous alkali soluble fraction after THF-1 extraction 

extraction 

3400-3200 cm-' was also present. Thus, the THF-2 extract also contains aliphatic material 
which may be attached to a hydroxy aromatic ring system. Again, the increased HIC ratio 
nicely corroborates the prese ce of aliphatics. Both THF extracts showed carbonyl 
absorptions around 1710 cm-' The alkali-soluble fraction showed a strong carbonyl 
stretching vibration a 1700 cm-' coupled with a broad 0-H stretching vibration extending 
down from 3500 an-'. The infrared spectrum of the residue was similar to the untreated 
coal but showed weak carbonyl absorption bands. 

The carbonyl absorption bands present in the IR spectra of all the extracts suggests 
that reduction of phenolic units to cyclohexanone (i.e., OH to C=O) units was a major 
reaction pathway in the reaction of coal with the K-CE reagent. The reduction of phenols 
and naphthols to the corresponding dihydro or tetrahydro aromatic carbonyl compounds by 
the K-CE reagent has been confirmed by us using model compounds. More work needs to 
be done to clarify the reaction mechanism; however, the increased hydrogen content of the 
alkali soluble and residue fractions on consecutive K-CE treatments of coal supports this 
reduction chemistry. The reasons for the carbonyl components to be fractionated into an 
alkali soluble fraction, an insoluble residue fraction, and in the THF extracts are: (1) 
carbonyl units that can undergo a keto-enol-tautomerism would be rendered alkali soluble; 
(2) the cyclohexanone type units which are hooked to coal phenolic units would also be 
alkali soluble; and (3) the carbonyl components in the THF extracts would be the relatively 
nonpolar components. 

07 



Figure 3 shows the proton NMR spectrum of the THF-1 extract. The spectrum 
confirmed the presence of predominantly aliphatic material in this extract. Thus, the 
dominant sharp signal at 1.2 ppm is characteristic for methylene protons of long-chain 
polymethylenes. The group of signals in the 2-3 pprn region can be assigned to dihydro 
aromatic protons. Based on the mechanism of the K-CE reaction reduction of the aromatic 
ring to dihydro and even tetrahydro aromatics was expected and the NMR evidence nicely 
corroborates it. Thus, one of the major constituents of this extract is long-c 
polymethylenes which may or may not be attached to a hydroaromatic ring system. The C 
NMR spectrum (Figure 4) also strongly supported the presence of long-chain 
polymethyelene groups in the extract. The most intense signal is at 30.2 ppm which is 
generally assigned to the internal methylene carbons of straight-chain alkanes (an average 
carbon chain length of approximately 8). The presence of a broad spectral envelope in the 
15-50 ppm region in addition to the sharp alkane lines is indicative of the extract's 
complexity arising out of the presence of only small amounts of these polymethylene-type 
compounds. The broad complex band of carbon signals in the 120-130 pprn region is due to 
the aromatic and polycyclic aromatic species of the extract. 

Detailed characterization of the polymethylenes in the THF-1 extract was done using 
chemical ionization mass spectrometry and tandem mass spectrometry (MSIMS) ( 10,ll). 
Tandem mass spectrometry is a well-established technique for the direct analysis of complex 
mixtures, because it can do unaided separation and identification of the constituents of the 
mixtures. By using different scan types, the structure of individual components can be 
identified and the presence of series of related compounds can be ascertained. In particular, 
daughter scans identify specific constituents of the mixture on the basis of molecular weight 
and fragmentation behavior. 

Figure 5 shows the CI mass spectrum of the THF-1 extract. In it, one can identify 14 
sets of three intense peaks; each set separated by 14 amu. Based on the molecular weight, 
the first set of three peaks at  mlz 129, 131. and 133 can be assigned to the protonated 
molecular ions of naphthalene, dihydronaphthalene, and tetralin. It follows that the 
remainder sets of three intense peaks represented the homologous series of 
alkylnapthalenes. alkyldihydronaphthalenes. and alkyltetralins, with the polymethylene chain 
extending up to 14 carbons (Figure 6). In all probability, the dihydronaphthalene series and 
the tetralin series arise by Birch Reduction of the naphthalene compounds during the K-CE 
reaction. Therefore, only the homologous series of alkyl naphthalene compounds may be 
present in the coal. There are  other molecular ions present but their intensities are well 
below that of the naphthalene-polymethylene series. 

I t  was indeed surprising to obtain such a clean CI mass spectrum in which the 
polymethylene molecular ions predominate. Normally, mass spectra of coal mixtures is 
complex and messy and no clear-cut compound series can be identified. The reason we 
obtained such a clean spectrum is because the analysis was done on the THF-1 extract 
obtained from the second K-CE reaction. In the first K-CE reaction all the extractable 
material in coal and other compounds associated with coal will be removed during the THF 
extraction, alkali extraction and another THF extraction steps, leaving behind a pristine coal 
macromolecule. This strongly implies that the polymethylenes are not present as "trapped 
molecules" but as an integral part of the coal macromolecular matrix. The polymethylene 
chain could be present as crosslinks between aromatic clusters or  as long dangling side 
chains on an aromatic ring. 

Daughter spectra (Electron Impact) were taken for each and every member of the 
homologous series to confirm the structural identity of the polymethylene compounds. 

wn 
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Summary 

The reaction of a bituminous coal with the K-CE reagent resulted in the selective 
sniping of the linkages in the coal macromolecular network at room temperature and 
atmospheric pressure. Soluble chunks of coal fragments were obtained without recourse to 
any thermal or pressure effects. In addition to ether cleavage reactions, a major reaction 
pathway in the coal&-CE reaction is the reduction of phenolic groups to carbonyls. 
Analysis of the THF-1 extracts revealed the presence of a homologous series of alkyl 
naphthalenes and alkyl tetralins, with the methylene chain extending up to 14 carbon atoms, 
as the major components in the extract. These compounds are real and an integral part of 
the coal matrix and not present as trapped molecules. Any representation of coal structure 
or the development of coal process models would have to account for these pockets of 
aliphatic rich zones. 
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MLD OXIDATIVE SOLWILI~~ATION OF COAL lt4CERALS 

Randall E. Winans, Ryoichi Hayatsu, Robert L. McBeth, 
Robert G. Scot t  and Robert E. Bot to  

Chemistry Divis ion,  Argonne National Laboratory, 
9700 South Cass Avenue, Argonne, I l l i n o i s  60439 

The objec t ive  of t h i s  s tudy i s  t o  s o l u b i l i z e  coa l  macerals and an Argonne 
Premium Coal Sample us ing  oxidat ion and t o  charac te r ize  these  soluble  products. A 
major problem i n  coa l  charac te r iza t ion  and i n  coa l  u t i l i z a t i o n  is  the i n t r a c t a b i l i t y  
of the coa l  macromolecular network. High temperature t reatments  y i e l d  smaller, 
v o l a t i l e  and so luble  molecules, which can be g r e a t l y  a l t e r e d  from t h e i r  o r i g i n a l  
s t r u c t u r e s ,  along with a s i g n i f i c a n t  amount of a non-volatile char. Mild oxidat ion 
should provide a s o l u b l e  mixture of compounds i n  higher  y i e l d s  and with s t r u c t u r a l  
c h a r a c t e r i s t i c s  more l i k e  the o r i g i n a l  coal. The approach descr ibed i n  t h i s  paper 
a t tempts  t o  o x i d a t i v e l y  cleave only ac t iva ted  benzyl ic  sites i n  the  coal  macro- 
molecules i n  a two s t e p  process. I n  the  f i r s t  s t e p  benzyl ic  s i t e s  which a r e  
p a r t i a l l y  a c t i v e  due t o  oxygen f u n c t i o n a l i t y  e i t h e r  on the  aromatic r ing  or on the  
benzyl carbon a r e  f u r t h e r  ac t iva ted  by t h e  formation of pyridinium s a l t s  a t  tha t  
carbon from the  r e a c t i o n  with pyr id ine  and iodine. In t h e  second s t e p  t h i s  carbon 
i s  oxidized by a l k a l i n e  s i l v e r  oxide r e s u l t i n g  i n  formation of carboxyl ic  acid 
groups. This  process  has  been described i n  an i n i t i a l  communication f o r  whole coals  
(1) and the  r e s u l t s  of the  f i r s t  reac t ion  on the  macerals, used i n  t h i s  s tudy,  has 
been published ( 2 ) .  This  repor t  w i l l  focus on the  y ie lds  of the  oxidat ion s t e p  and 
the  charac te r iza t ion  of  t h e  products. 

A few oxida t ive  degradat ion s t u d i e s  on separated coa l  macerals have been 
published (3-5).  In these  s t u d i e s  there  was extensive oxidat ion and only small 
molecules were i d e n t i f i e d .  In t h i s  s tudy,  both smaller and higher  molecular weight 
f rac t ions  which were separa ted  on the  bas i s  of s o l u b i l i t y  have been character ized 
using gel  permeation chromatography (GPC), GCMS, Pyrolysis  MS (PyMS) the prec ise  
mass measurement mode, F a s t  Atom Bombardment (FAB) MS, and NMR. FAB MS has proven 
t o  be usefu l  i n  t h e  charac te r iza t ion  of po lar  b io logica l  compounds. This i s  the  
f i r s t  appl ica t ion  of t h i s  technique t o  coa l  oxidat ion products. Since FAB is a 
r e l a t i v e l y  mild i o n i z a t i o n  technique, it should help t o  charac te r ize  products with 
molecular weights g r e a t e r  than 500. Compounds i n  t h i s  range a r e  not v o l a t i l e  enough 
f o r  GCMS and a r e  broken down i n t o  smaller  fragments by PyMS. However, the chance of 
rearrangements i n  PyMS a r e  reduced when pyrolysing t h e  oxidat ion products i n  
comparison t o  the whole coals  o r  maceral concentrates .  It i s  i n t e r e s t i n g  t o  note  
the remarkable lack of l a r g e  polycycl ic  aromatics i n  t h e  so luble  products. The 
s i g n i f i c a n c e  of t h i s  r e s u l t  will be discussed. 

EXPERIMENTAL 

Samples 

A descr ip t ion  of  the  macerals and whole coal  i s  given i n  Table 1. Deta i l s  of 
the maceral s e p a r a t i o n  have been reported (2).  The Upper Elkhorn and the Brazi l  
Block samples have been separated from coals  obtained from Pennsylvania S t a t e  
University labe l led  PSOC 1103 and PSOC 828, respect ively.  The subbituminous coal is 
the Argonne Premium Coal Sample (APCS) number 2 ,  which has  been recent ly  mined and 
has been s t o r e d  under n i t rogen  i n  sealed g l a s s  ampules. The preparat ion of t h e  oxy- 
methylene l inked  polymer(1) has  been descr ibed (6 ) .  
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Oxidations 

i 

The pyridinium salts of t h e  samples were prepared by re f lux ing  1 g of the  coal ,  
maceral or  polymer i n  60 m l  of pyridine with 4 g of iod ine  f o r  70 hrs  (2). The 
react ion mixture was poured i n t o  10% aqueous NaHS03 and the s o l u t i o n  f i l t e r e d .  The 
der ivat ized coal  was washed f r e e  of pyridine,  d r ied  and analyzed. In a t y p i c a l  
oxidation f r e s h  Ag20, prepared from 8.5 g of &NO3 and sodium hydroxide, was 
refluxed with 1.0 g of the  s u b s t a t e  in 50 m l  of 10% aqueous NaOH f o r  20 hrs .  The 
s i l v e r  and unoxidized samples were removed by f i l t r a t i o n  and the f i l t r a t e  a c i d i f i e d  
with aqueous HC1. Products which were a l k a l i n e  so luble  but inso luble  in the  
s l i g h t l y  a c i d i c  s o l u t i o n  were termed humic acids .  The so lubles  were ex t rac ted  with 
Et20-MeOH. Yields w e r e  determined by analysing the  products f o r  carbon. The 
products were methylated with diazomethane f o r  f u r t h e r  ana lys i s .  

Character izat ion 

Approximate molecular s i z e  d i s t r i b u t i o n s  were determined by g e l  permeation 
chromatography using a s e t  of three ul t ra-Styragel  columns with 100, 500, and 1000 A 
nominal pore diameters. The samples were e l u t e d  with THP and detected by UV a t  
254 nm. The c o l u m s  were c a l i b r a t e d  using a s e t  of esters of known molecular 
weight. 

GCMS and PYMS d a t a  were obtained on a Kratos MS-25 mass spectrometer. A 60 m x 
0.25 mm DB-1701 fused s i l i c a  column was used in GCMS analys is .  The d e t a i l s  of the  
PyMS experiment have been reported (2). The samples were a l l  heated a t  50"/min on a 
platinum screen and the  instrument was operated in the  prec ise  mass measurement 
mode. The PABMS d a t a  were obtained on a VG 70-250 a t  the  Universi ty  of Chicago, 
Chemistry Department. Argon gas was used with g lycero l  as the probe matrix. NMR 
da ta  were taken on a Bruker AM-300 using CDClJ3 a s  a solvent .  

RESULTS AND DISCUSSION 

The y ie lds  f o r  the  oxidat ion s t e p  a r e  very sample dependent as  i s  shown i n  
Table 1. The y i e l d s  a r e  ca lcu la ted  based on the  carbon content  of the  s t a r t i n g  
mater ia l  and of the  products with the  values given being an average of a t  l e a s t  two 
experiments. The oxida t ion  of the  Illinois No. 2 v i t r i n i t e  yielded 84% of the  
o r i g i n a l  carbon in t h e  so luble  products. This r e s u l t  can be cont ras ted  with the 
f u s i n i t e  where only 47% of the carbon has been recovered of which 40% was the 
E t Z O / H e O H  soluble  f r a c t i o n .  I f  one assumes t h a t  f u s i n i t e  is " f o s s i l  charcoal" ,  then 
t h i s  r e s u l t  is expected. The number of pyridinium salts formed (1.5/100 carbons) i s  
small and suggests  t h a t  much of the  oxygen occurs as  he te rocycl ics .  In addi t ion ,  
there  were probably l e s s  benzyl ic  carbons in t h i s  f u s i n i t e  compared t o  t h e  v i t r i n -  
ite. The lower y i e l d  f o r  the  s p o r i n i t e ,  62%, compared t o  t h e  v i t r i n i t e  may r e f l e c t  
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t h e  grea te r  a l i p h a t i c  content  of the s p o r i n i t e  which would be r e s i s t a n t  t o  oxida- 
t ion .  The APCS #2 has  a s i m i l a r  composition t o  the  I l l i n o i s  No. 2 v i t r i n i t e  and 
y i e l d s  e s s e n t i a l l y  t h e  same amount of so lvent  so lubles  but less humic a c i d  
mater ia l .  Oxidation of t h e  polymer gives only 1,4aaphthalenedicarboxylic acid. No 
evidence the  naphthalene r i n g  oxidat ion has  been found. It is i n t e r e s t i n g  t o  note  
t h a t  one naphthalene-dicarboxyic a c i d  is formed f o r  every pyridinium s a l t .  

The Et20/MeOH s o l u b l e  f r a c t i o n  does have a s i g n i f i c a n t  amount of higher  
molecular weight materials as is seen in the  GPC d a t a  from the methyl e s t e r s  
presented in Figure 1. The molecular s i z e  s c a l e  is only approximate and t h i s  
approach works bes t  f o r  comparisons. Figure l a  compares I l l i n o i s  No. 2 v i t r i n i t e  
with f u s i n i t e .  The f u s i n i t e  gives  a narrower d i s t r i b u t i o n  s h i f t e d  t o  a la rger  
molecular s i z e  compared t o  t h e  v i t r i n i t e .  A comparison of the  so lvent  so lubles  and 
humic acid from Upper Elkhorn v i t r i n i t e  is shown in Figure lb. The humic f r a c t i o n  
higher  MW peak is s i g n i f i c a n t l y  higher than t h e  corresponding peak f o r  solvent  
soluble .  Since t h i s  is a f a i r l y  mild degradation the molecular s i z e  d i s t r i b u t i o n  is 
t y p i c a l l y  a t  a much higher  MW compared t o  pyro lys i s  products of the sample 
samples. F ina l ly ,  it is i n t e r e s t i n g  to note  t h e  d i f f e r e n c e  in Figure IC of the  
output  from a W and a f luorescence de tec tor  which a r e  in- l ine.  The chromograms 
have been normalized, but the poor signal-to-noise from the  f luorescence de tec tor  i s  
a good indica t ion  of t h e  lack of f luoresc ing  compounds such as polycycl ic  aromatics 
in the  product. 

Proton NMR d a t a  lends  support  t o  the  observat ion of the lack of polycycl ic  
aromatics. Since even t h e  so lvent  so luble  f r a c t i o n s  contained compounds which are 
too large and non-volat i le  f o r  E M S ,  the  proton NMR s p e c t r a  have been taken. The 
methyl e s t e r  region is t h e  most informative and is shown f o r  the  I l l i n o i s  No. 2 
samples in Figure 2. From t h e  s p e c t r a  of a number of known methyl esters, three  
regions can be assigned:  3.6-3.8 a l i p h a t i c .  3.8-4.0 s i n g l e  r i n g  aromatics and 
heteroaromatics ,  and 4.0-4.2 polycycl ic  aromatics and heteroaromatics. Single-ring 
aromatics and a l i p h a t i c s  a r e  t h e  most abundant spec ies  in these  samples. 

Compounds t h a t  can be separated by GCMS are mostly benzene, and hydroxybenzene 
carboxyl ic  acids .  The t o t a l  ion chromatogram f o r  APCS 112 is shown in Figure 3. 
Although t h i s  is a f a i r l y  mild oxidant ,  t e t ra - ,  penta- and hexa carboxyl ic  ac ids  a r e  
s t i l l  formed. Also note  even the  hydroxybenzene t e t r a -  and penta-carboxylic ac ids  
a r e  formed. More model compounds a r e  being examined t o  b e t t e r  understand t h i s  
r e s u l t .  In addi t ion  t o  benzene and hydroxybenzene carboxyl ic  acids .  furan 
carboxyl ic  ac ids  a r e  found i n  s i g n i f i c a n t  abundance. 

Fragments found by PyMS with APCS 12 and the v i t r i n i t e s  a r e  dominated by 
a l i p h a t i c s  and s i n g l e  r i n g  aromatics and hydroxylated aromatics. PyMS of t h e  humic 
products r e s u l t s  in v o l a t i l i z a t i o n  a t  lower temperatures as compared with t h e  coal  
o r  maceral, a s  is shown i n  Figure 4 .  Comparing the  pyro lys i s  products between the 
t w o  samples, the  most s t r i k i n g  d i f f e r e n c e  is t h e  reduct ion in a l i p h a t i c s  in the  
humic acid f r a c t i o n .  Figure 5 shows the d i s t r i b u t i o n  of hydrocarbons found as a 
funct ion of Z-number (hydrogen def ic iency ,  0-alkane, 1-alkene, 4-benzene, e tc .  >. 
However, in each case t h e  cont r ibu t ion  of fragments with mre than 1 aromatic r ing  
was small. 5 .6% f o r  t h e  coa l  and 4.6% f o r  t h e  oxida t ion  product. A milder 
ion iza t ion  approach has  been taken with some of these  samples. A FAB MS spectrum 
f o r  the so lvent  s o l u b l e s  from the  Upper Elkhorn v i t r i n i t e  is shown in Figure 6 .  
Again. peaks which can be i d e n t i f i e d  as  s i n g l e  r i n g  compounds dominate. Rowever, 
un l ike  e lec t ron  impact peaks a r e  seen a t  M / Z  > 400. The condi t ions f o r  t h i s  
experiment need t o  be optimized and a matr ix  more s u i t a b l e  than g lycero l  used. 
Also. Some of these  samples w i l l  be analysed using f i e l d  i o n i z a t i o n  MS. 



All of these results strongly suggest that for our vitrinite samples and the 
subbituminous coal sample the single ring aromatics dominate. Unlike many other 
experiments most of the carbon is characterized using this approach. More model 
compounds and polymers are being studied to verify the selectivity of this 
derivatizationloxidation procedure. 
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Figure 1 .  Gel permeation chromatograms of methyl e s t e r s :  a )  I l l i n o i s  No. 2 ,  
solvent soluble fracti0.k; b)  Upper Elkhorn No. 3 v i t r i n i t e .  and c )  I l l i n o i s  
No. 2 v i t r i n i t e  solvyent soluble fract ion.  
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Figure 2. 'H NMR spectra of I l l i n o i s  No. 2 solvent  so lub le  f rac t ion ,  e s t e r s .  
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Figure 3. Total Ion chromatogram of APCS #2 solvent  soluble fract ion,  methyl 
e s ters .  Major peaks: 28-68 number of carboxylates on benzene, 2P-5P number 
on phenol and 2F-4F number of carboxylates on furans. 
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1. I n t r o d u c t i o n  

The physical and chemical p roper t i es  and processing c h a r a c t e r i s t i c s  of 
most coals are extremely sens i t i ve  t o  storage condi t ions. ( l -3)  Both d ry ing  and t h e  
a i r  induced ox ida t i on  a re  known t o  produce subs tan t i a l  changes t o  coal. Conse- 
quently, they have been the  subject o f  study throughout t h e  h i s t o r y  o f  coal 
research. I n  t h i s  paper we discuss some o f  t he  recen t l y  obtained data i n d i c a t i n g  
tha t  these processes i nvo l ve  a few simple chemical t ransformat ions which are c l o s e l y  
coupled by v i r t u e  o f  t h e i r  k i n e t i c  behavior. I n - s i t u  FT- i r  analys is  used t o  examine 
the ove ra l l  chemical changes i s  examined herein. L i g h t  and neutron s c a t t e r i n g  were 
used t o  examine the concomitant s t ruc tu ra l  changes thereby prov id ing some informa- 
t i o n  on the l o c a t i o n  o f  some o f  t he  reac t i ve  f u n c t i o n a l i t y  w i t h i n  the  coal matr ix .  
These s tud ies w i l l  appear elsewhere.(4-7) 

Dry ing i s  be l ieved t o  r e s u l t  p r i n c i p a l l y  i n  the l o s s  o f  adsorbed water, 
though some stud ies suggest t h a t  chemical a l t e r a t i o n s  occur. That d ry ing  produces 
some a l t e r a t i o n  i s  evidenced by the rou t i ne  use o f  d ry ing  p r i o r  t o  almost a l l  coal 
studies or processing. The de-facto s tandard izat ion leads t o  a coal having repro- 
duc ib le  cha rac te r i s t i cs .  Despite considerable study, s i m i l a r  standardized pro- 
cedures t o  m i t i g a t e  the  e f f e c t s  o f  ox idat ions are not  c u r r e n t l y  avai lab le.  

Since ox ida t i on  o f  coal i s  genera l ly  be l ieved t o  i n f l uence  many coal 
proper t ies,  the r e s u l t i n g  l i t e r a t u r e  i s  extensive. The p r i n c i p a l  cause o f  changes 
associated w i t h  the "weathering" o f  coal i s  a t t r i b u t e d  t o  ox idat ion.  From a u t i l i -  
zat ion standpoint, a i r  ox ida t i on  a l t e r s  p roper t i es  o f  t h e  coal which, depending upon 
t h e  p a r t i c u l a r  end-usage o f  t h e  coal, may e i t h e r  be det r imenta l  or advantageous. 
For example, t h e  heat content  o f  coal decreases upon ox ida t i on  r e s u l t i n g  i n  
increased amounts o f  coal being needed i n  any p a r t i c u l a r  appl icat ion.  However, 
ox ida t i on  increases the  heteroatom content o f  t h e  coal r e s u l t i n g  i n  a greater  number 
o f  s i t e s  ava i l ab le  f o r  chemical react ion and c a t a l y s t  binding. Changes t o  the 
swel l ing and f l u i d i t y  p roper t i es  o f  coals are co r re la ted  t o  ox idat ion.  This imp l i es  
t h a t  ox ida t i on  a l t e r s  t h e  fundamental geometrical s t r u c t u r e  o f  t he  coal i n  add i t i on  
t o  the chemical composition and w i l l  l i k e l y  have a secondary e f f e c t  on a l l  coal 
chemical react ions through induced a l t e r a t i o n  o f  mass and thermal t ranspor t  through 
the  "semi-sol i d "  coal. 

I n  order  t o  understand these complex r e a c t i v i t y / s t r u c t u r e  re la t i onsh ips ,  
we have examined both the  chemical and s t r u c t u r a l  changes which occur when a sub- 
bituminous (Rawhide - SBB) and a bituminous ( I l l i n o i s  No. 6 - WC) coal are reacted 
a t  low-temperature ( < 1 5 O o C ) .  In  b r i e f  we f i n d  t h a t  d ry ing  produces chemical a l t e r a -  
t i o n s  which compete w i t h  some o f  the chemical react ions which occur dur ing the 
ox idat ion.  Oxidation consis ts  o f  a t  l e a s t  two separate sets o f  react ions which are 
d i s t i ngu ishab le  by t h e i r  t ime and/or temperature dependencies. Corre la t ions between 
t h e  r e a c t i v i t y  s tud ies and s t r u c t u r a l  s tud ies c a r r i e d  out w i t h  sca t te r i ng  methods 
suggests the  species which reac t  both thermal ly  and o x i d a t i v e l y  res ide  on vo id 
surfaces and are r e a d i l y  access ib le  t o  t h e  environment.(7-9) 

I n  t h i s  paper we review some o f  our evidence support ing the  presence of 
m u l t i p l e  competing thermal and ox ida t i on  react ions.  The co r re la ted  s t r u c t u r a l  
s tud ies a r e  a v a i l a b l e  elsewhere.(8,9) 
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11. Experimental 

Experimental procedures employed are described elsewhere.(4,5,7) As 
prev ious ly  describes, samples employed f o r  FT- i r  s tud ies are t h i n  sections having a 
nominal thickness of 0.4 micro-meters and an area o f  approximately 1 mn2. Ana- 
l y t i c a l  data rep resen ta t i ve  o f  the samples are contained i n  Table l. A two- 
dimensional ma t r i x  o f  these sect ions i s  prepared using s e r i a l l y  cu t  sect ions t o  
ob ta in  the des i red t o t a l  sample area on an appropr ia te substrate. 

111. Resul ts  and Discuss ion 

We have found t h a t  several react ions take place a t  low-temperature when 
dry  coal i s  e i t h e r  heated o r  exposed t o  oxygen. I n  order t o  examine the  ox ida t i on  
chemistry, i t  i s  f i r s t  necessary t o  remove the  e f f e c t s  o f  drying. We the re fo re  
discuss the thermal ly  induced changes p r i o r  t o  deal ing w i t h  the ox idat ion.  

D ry ing  Results i n  decarboxylation/decarbonylation 

The e f f e c t  o f  d ry ing  on th in -sec t i on  samples o f  Rawhide (SBB) and I l l i n o i s  
No. 6 (Hv-C) coals  were examined i n  a se r ies  o f  experiments. The coal t h in -s  c t i o n s  
were dr ied a t  room temperature by subject ing them t o  a moderate vacuum t o r r )  
f o r  a t  l e a s t  12 hours. Observation o f  t h e  hydroxyl s t r e t c h i n g  reg ion i nd i ca tes  t h a t  
t he  physisorbed water i s  removed w i t h i n  the f i r s t  hour. We bel ieve t h a t  such vacuum 
d r y i n g  i s  ab le t o  remove most o f  the water f o r  two reasons: 1) O'Rourke and Mraw 
found t h a t  room-temperature "dry ing"  o f  coal us ing a h i g h l y  des i cca t i ve  environment 
was capable o r  r ov ing greater  t h a t  98% o f  t he  adsorbed water from powdered samples 
o f  s i m i l a r  coalsfirB and 2) we f i n d  tha t  subsequent d ry ing  by heating under vacuum a t  
100°C does not f u r t h e r  reduce t h e  hydroxyl s t r e t c h i n g  reg ion i n tens i t y .  

An example o f  t he  e f f e c t  o f  heat ing such a d r i e d  I l l i n o i s  No 6 coal sample 
f o r  ca 6 hours under vacuum i s  shown i n  Fig. 1. mly t h e  reg ion o f  the i r  spectrum 
i n d i c a t i n g  carbonyl content  ( 0 0  s t r e t c h  and -C-0-H modes) i s  shown. The d i f f e r e n c e  
spectrum c l e a r l y  i n d i c a t e s  l o s s  o f  carbonyl i n t e n s i t y  a t  ca 1707 an-'. This reg ion 
o f  the spectrum does n o t  un iquely  i d e n t i f y  t he  s p e c i f i c  carbonyl species l o s t .  We 
assign the  l oss  t o  hydrogen bonded o r  dimerized a l i p h a t i c  ca rboxy l i c  acids based 
upon several l i n e s  o f  reasoning. These w i l l  be discussed subsequently. 

The observed frequency loss a t  ca 1707 cm-l i s  genera l ly  assigned (9) t o  
t h e  C=O s t r e t c h  i n  dimers o f  a l i p h a t i c  ca rboxy l i c  ac ids i n  which t h e  a l i p h a t i c  chain 
i s  conta ins more than 3 carbons. ( l l )  It can a l so  be assigned t o  a v a r i e t y  o f  ketone 
and aldehyde species. I t  i s  unusual f o r  aromatic carbonyls t o  absorb a t  such a high 
frequency. Th is  f a c t  together  w i t h  surface f u n c t i o n a l i t y  in format ion obtained from 
neutron small-angle s c a t t e r i n g  (8)  makes an assignment t o  aromatic carbonyl func- 
t i o n a l i t y  l ess  p laus ib le .  Despite t h e  p o s s i b l i l i t y  t h a t  the absorption i s  due t o  
non-carboxyl ic a c i d  carbonyl species, t he  weight o f  t he  evidence summarized below i s  
i n  favor o f  t he  ca rboxy l i c  ac id  assignment. A more complete d iscuss ion o f  a l t e rna te  
assignments i s  a v a i l a b l e  e l  sewhere. (6) 

I! spec t ra l  l o s s  i s  ob erved a t  1285 cm-l which i s  observed t o  f o l l o w  the 
same k i n e t i c s  as the  1707 cm-I l oss  feature. Therefore these two absorptions 
probably r e s u l t  from d i f f e r e n t  v i b r a t i o n a l  modes o f  t he  same species. When present 
i n  add i t i on  t o  a carbonyl s t re tch,  t he  1285 cm-l mode i s  d iagnost ic  f o r  carboxy l ic  
a c i d  dimers. We have attempted t o  determine whether t h e  reac t i ve  f u n c t i o n a l i t y  was 
loca ted  on t h e  vo id  surface o r  i ns ide  the  organic ma t r i x  by performing so lvent  
permeation s tud ies and examining the induced s t r u c t u r a l  changes and permeabi l i ty  
r e s t r i c t i o n s  us ing neutron and l i g h t  s c a t t e r i n g  techniques. Neutron sca t te r i ng  
measurements suggest t h a t  a l i p h a t i c  ca rboxy l i c  ac id  species a re  present on t h e  void 
(Pore) surface.(8) I n  view o f  our spectroscopic assignments above, we be l i eve  the  
thermal ly  r e a c t i v e  ca rboxy l i c  ac id  species t o  be l oca ted  a t  t h e  pore surface. 
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Res t r i c ted  m o b i l i t y  o f  both o f  reactant  and product molecules w i t h i n  the  
coal ma t r i x  i s  expected. Indeed, h igher  temperature p y r o l y s i s  o f  coal shows t h a t  
d i f f e r e n t  chemical transformations occur when c a r r i e d  out  under vacuum as compared 
t o  a closed atmosphere.(lZ) This i s  understandable when t h e  ove ra l l  r eac t i on  i s  t h e  
r e s u l t  o f  secondary react ions o f  some i n i t i a l l y  formed reac t i ve  intermediate. We 
inves t i ga ted  t h i s  by ca r ry ing  out the same thermal reac t i on  i n  a closed c e l l  under a 
s t a t i c  he1 ium atmosphere. The o v e r a l l  thermal react ion was unchanged. Only minor 
changes i n  some o f  the r e l a t i v e  i n t e n s i t i e s  o f  t h e  absorpt ion losses were seen. 
This i nd i ca tes  t h a t  mass t ranspor t  l i m i t e d  secondary react ions are no t  important 
under these condi t ions.  Therefore the  thermal reac t i on  i s  e i t h e r  1) b imolecular  
between two t o p o l o g i c a l l y  adjacent po r t i ons  o f  the ma t r i x  o r  2 )  sequential wi th t h e  
f i r s t  step being the  formation o f  a r e a c t i v e  species by a unimolecular decomposition 
fol lowed by reac t i on  with a nearby p o r t i o n  o f  the ma t r i x  surface. The a v a i l a b l e  
data does not un iquely  determine e i t h e r  p o s s i b i l i t y .  

Avai lab le func t i ona l  group ana lys i s  o f  t he  I l l i n o i s  No. 6 coal used fo r  
t he  experiments discussed above ind i ca tes  t h a t  on l y  a r e l a t i v e l y  small amount of 
ca rboxy l i c  ac id  f u n c t i o n a l i t y  (0.5 COOH per  100 carbon atoms) i s  present. We are 
not c u r r e n t l y  ab le t o  quan t i f y  t he  number o f  cdrbonyl groups which we observe s ince 
an e x t i n c t i o n  c o e f f i c i e n t  f o r  these v i b r a t i o n s  i s  no t  ava i l ab le  f o r  species present 
i n  a s i m i l a r  environment. Therefore we were p a r t i c u l a r l y  i n te res ted  i n  observing 
t h e  thermal behavior o f  a lower rank coal conta in ing a l a r g e r  ca rboxy l i c  ac id  
content. Rawhide coal conta in ing ca 3.2 COOH per 100 carbon atoms was used. 

I n  con t ras t  t o  t h a t  observed f o r  t h e  I l l i n o i s  coal, a s i g n i f i c a n t  l oss  o f  
i n t e n s i t y  which could be assigned t o  a l o s s  o f  0 0  species was not  seen. There a re  
several poss ib le  explanations: 1) ca rboxy l i c  ac id  species are unreactive; 2) t h e  
predominant ca rboxy l i c  species a re  n o t  dimers and t h e  ca rboxy l i c  ac id  species which 
do react  form some other  carbonyl con ta in ing  species (e.g., ketones o r  aldehydes); 
o r  3)  t h e  a b s o r p t i v i t y  o f  t he  a f fec ted  carbonyls i s  small. We d iscount  3) s ince 
observed 0 0  s t r e t c h i n g  i n t e n s i t i e s  a re  s t rong i n  l i q u i d ,  polymer and s o l i d  sys- 
tems. I n  order t o  d i s t i n g u i s h  between 1) and Z ) ,  we employed py r id ine  as a spectro- 
scopic t i t r a n t  f o r  a c i d  f u n c t i o n a l i t y .  

Several o f  t he  ring-based carbon v i b r a t i o n s  o f  p y r i d i n e  a re  s e n s i t i v e  t o  
the  existence and s t reng th  o f  any hydrogen-bonds formed with the unpaired e lec t rons  
on the  nitrogen. Such spectroscopic i n fo rma t ion  has been used f o r  i n v e s t i g a t i o n s  o f  
a c i d i c  f u n c t i o n a l i t y  on surfaces.( l3) We show the  dependence o f  some o f  t h e  
pyridine-based v i b r a t i o n s  on thermal treatment i n  Fig. 2. Absorptions a t  1485 and 
1465 cm-l character ize p y r i d i n e  which i s  hydrogen bonded t o  two types o f  s i t e s  which 
d i f f e r  i n  the s t reng th  o f  t h e  hydrogen bond formed. Cnly 0-y type o f  hydrogen 
bonded p y r i d i n e  i s  seen p r i o r  t o  thermal treatment (1485 on ). A f te r  thermal 
treatment two p y r i d i n e  b ind ing  s i t e s  a re  seen. The o r i g i n a l  1485 un-l absorpt ion i s  
narrower fo l l ow ing  thermal treatment. Therefore thermal t eatment has converted 
p a r t  o f  t he  ac id  f u n c t i o n a l i t y  asso i a t e d  w i t h  t h e  1485 an-' v i b r a t i o n  t o  an ac id  
center character ized by the  1465 cm-! absorpt ion and having a greater  hydrogen bond 
s t reng th  than the  o r i g i n a l  species. It i s  genera l ly  be l ieved t h a t  t he  on ly  s i g n i f i -  
cant a c i d i c  f u n c t i o n a l i t y  present i s  phenol ic  and carboxy l ic . ( l )  Yncomi tan t  spec- 
t roscop ic  changes i n d i c a t i n g  phenol ic  reac t i on  (e g., 1600 cm- loss) I s  not  
observed. I n  add i t i on  the frequency l oss  (1485 cm-l) i nd i ca tes  t h a t  t h e  o r i g i n a l  
species bound t o  p y r i d i n e  have s i m i l a r  hydrogen bond strength. Therefore we assign 
the  ac id  group l o s s  t o  ca rboxy l i c  species. Since corresponding l o s s  i n  the  GO 
s t r e t c h i n g  region does no t  occur, we conclude t h a t  a reac t i on  o f  t h e  t ype  

-(C=O)-OH + MATRIX o r  ENTRAINED SPECIES --> -(C=O)- (1) 

occurs. I f the species which reac ts  w i t h  the  ca rboxy l i c  ac id  i s  a p a r t  o f  t he  
" s o l i d "  matr ix ,  a new covalent  " c ross - l i nk "  w i l l  be formed a t  t h e  expense o f  one 
hydrogen-bonded "cross-1 ink" .  
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(bridation o f  t he rma l l y  t r e a t e d  coal  a t  100°C produces new oxygen f u n c t i o n a l i t y  

The e f fec t  of O2 ox ida t i on  o f  I l l i n o i s  No. 6 coal a t  100°C was examined. 
An example of  t he  spectroscopic changes r e s u l t i n g  from 0, ox ida t i on  a t  100°C i s  
shown i n  Fig. 3 f o r  a sample which had been thermal ly  t rea ted  a t  100°C t o  remove t h e  
reac t i ve  ca rboxy l i c  a c i d  species. The dependence o f  t h e  ox ida t i on  changes on p r i o r  
treatment (thermal, c losed c e l l  or  ambient ox ida t i on )  was examined. The p r i n c i p a l  
changes could be a t t r i b u t e d  t o  the  same ox ida t i on  react ions i n d i c a t i n g  t h a t  t he  
100DC ox idat ion i s  reasonably independent o f  sample h i s t o r y .  

The p r i n c i p a l  changes observed are absorpt ion increases which occur i n  
reg ions a t t r i b u t a b l e  t o  oxygen f u n c t i o n a l i t y  on carbonaceous ubstances. I n t e n s i t y  

ketone o r  ca rboxy l i c  ac id  formation. _{he observation t h a t  most o f  t he  i n t e n s i t y  
increase i s  broadly  centered a t  1670 cm suggests t h a t  oxygen add i t i on  t o  aromatic 
y unsaturated carbon residues I n t e n s i t y  increases occur i n  t h e  

a re  suggestive. 

The r e a c t i o n  o f  coal w i t h  02 t o  form thermal ly  unstable hydroperoxide 
in termediates has been f requen t l y  proposed as the  p r i n c i p a l  a i r  and/or 02 ox ida t i on  
react ion.  D e f i n i t i v e  spectroscopic evidence showing hydroperoxides has not  been 
reported. Compelling non-spectroscopic evidence i s  repor ted by deVries, e t  
a1.(14) Our spectroscopic changes are cons is ten t  w i t h  t h e  formation o f  a l l  o f  t he  
expected decomposition products o f  t r a n s i e n t  hydroperoxides w i t h  t h e  exception o f  
alcohols. Hydroperoxide decomposition proceeds by two p a r a l l e l  pathways: one leads 
t o  carbonyl formation wh i l e  the  other  leads t o  alcohol formation. deVries found, 
and our data supports, t h e  conclusion t h a t  t he  a l c o h o l i c  pathway i s  no t  important i n  
coal ox idat ion.  

We do n o t  b e l i e v e  t h a t  s i g n i f i c a n t  numbers o f  ca rboxy l i c  acids are formed 
e i t h e r .  An increase i n  i n t e n s i t y  i n  the OH s t re t ch ing  reg ion associated hydrogen- 
bonding i s  no t  seen. Nor does a c i d  group t i t r a t i o n  us ing p y r i d i n e  i n d i c a t e  a change 
i n  the  number o f  a c i d i c  groups as a r e s u l t  o f  ox idat ion.  The p r i n c i p a l  reac t i on  can 
be summarized as 

increases i n  the  carbonyl s t r e t c h i n g  reg ion (1650 t o  1750 an- f ) i nd i ca tes  aldehyde, 

e the r "  reg ion (1000 t o  1150 cm- 1 which, though no t  d iagnos t i c  f o r  e ther  formation, 
as taken place. 

(COAL)-C=C- + 02 --> (COAL)-(GO)-C- (11) 

where we have i n d i c a t e d  the  reac t i on  having occurred w i t h  unsaturated carbon as 
noted above. 

A new ox ida t i on  r e a c t i o n  i s  found a t  room-temperature 

The e f f e c t  o f  lengthy O2 on I l l i n o i s  No. 6 coal was examined 
spect roscopica l ly .  While some changes were seen, they were o f  low i n t e n s i t y  and 
d i f f i c u l t  t o  resolve. Since the  100°C ox ida t i on  and the  thermal decarboxy lat ion are 
obv ious ly  independent react ions,  we expected the  room-temperature ox ida t i on  t o  have 
no effect on any thermal chemistry. This d i d  not prove t o  be correct .  Lengthy room- 

t i ons .  The room-temperature ox ida t i on  reactions, though not  r e s u l t i n g  i n  any s t r i  k- 
i n g  a b s o r p t i v i t y  changes, have a dramatic r e a c t i v i t y  e f f e c t .  

We propose t h e  ex is tence o f  a h i t h e r t o  unrecognized reac t i on  which i s  
compet i t ive with t h e  thermal decarboxy lat ion react ion.  The reac t i on  i s  summarized 
as : 

temperature ox ida t i on  e l im ina ted  a1 1 evidence o f  t he  thermal decarboxyl a t i o n  reac- \ 
{ 
< 
1 

(Coal)-C=O + 9 ---> (Coal) + $0 + C% + CO (111) 

We have examined the k i n e t i c  behavior o f  t h i s  new ox ida t i on  reac t i on  and f i n d  t h a t  
t h e  reac t i on  i s  r a p i d  by 50 t o  6OOC. (XI t h e  other  hand, t h e  thermal decarboxylat ion 
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reac t i on  i s  n e g l i g i b l e  below 60 t o  70°C. Therefore the re  i s  a temperature "window" 
from approximately 50 t o  8 O o C  i n  which the  react ions w i l l  compete and t h e  o v e r a l l  
spectroscopic and chemical changes are extremely s e n s i t i v e  t o  temperature and atmo- 
sphere. I n  add i t i on  we p r e d i c t  t h a t  any experiment employing a temperature-jump 
encompassing t h i s  temperature "window" w i l l  be heat ing r a t e  dependent. Such a 
temperature-jump i s  r o u t i n e l y  employed i n  coal d ry ing  procedures. A survey o f  the 
1 i t e r a t u r e  examining t h e  low-temperature ox ida t i on  o f  coal reveals  many statements 
t h a t  t h e  coal used must be c a r e f u l l y  predr ied under p r e c i s e l y  def ined cond i t i ons  
(see, f o r  example, deVries, e t  a1.(14) and the  d iscuss ion and references i n  7). We 
take t h i s  t o  be a consequence o f  the need t o  con t ro l  these competing react ions.  The 
s e n s i t i v i t y  t o  t h e  pre-ox idat ion cond i t i ons  suggests t h a t  t h e  r e a c t i v i t y  d i f f e rences  
a r i s i n g  from the thermal and room-temperature ox ida t i on  are s i g n i f i c a n t  even though 
t h e  i .r. spectroscopic changes are r e l a t i v e l y  weak and non-speci f ic .  

Quidation kchan lsm 

Based upon the  above evidence w i t h  a j f d i t i ona l  conf i rmat ion from studies 
not  included herein, we propose the f o l l o w i n g  mechanism" f o r  t he  low-temperature 
o x i d a t i o n  o f  coal. The ox ida t i on  a t  any moderate temperature i s  comprised o f  a 
combination o f  t h e  react ions observed i n  the s ing le-s tep procedures which we have 
discussed and summarized as 1-111. Thermal decomposition r e s u l t s  i n  l o s s  o f  
ca rboxy l i c  ac id  f u n c t i o n a l i t y  ( I ) .  These can be p a r t i a l l y  rep len ished du r ing  oxida- 
t i o n  by the  formation o f  a v a r i e t y  o f  new carbonyl species (11) r e s u l t i n g  from the 
decomposition o f  t r a n s i e n t  hydroperoxide intermediates. The v a r i e t y  o f  carbonyl 
species formed i s  l a r g e r  than l o s t  due t o  the thermal decomposition. I f  the  oxida- 
t i o n  i s  allowed t o  proceed f o r  a long time, the  net  change i n  carboxyl absorbance 
can approach zero. Consequently t h e  ne t  r e s u l t  o f  t h e  thermal ox ida t i on  i s  t o  
convert ca rboxy l i c  ac id  f u n c t i o n a l i t y  i n t o  a more extens ive v a r i e t y  o f  oxygenated 
species. The oxygen-to-carbon r a t i o  w i l l  be l e s s  s e n s i t i v e  t o  these changes than 
might be expected on f i r s t  cons iderat ion s ince carbon may be l o s t  through the  
product ion o f  CO and C02 and the  change o f  carbonyl f u n c t i o n a l i t y  w i l l  depend upon 
both t h e  l eng th  o f  t ime al lowed f o r  reac t i on  and the  heat ing rate.  A second oxida- 
t i o n  reac t i on  (111) occurs a t  a s i g n i f i c a n t  r a t e  s l i g h t l y  above room temperature. 
Over some temperature ranges, t h i s  reac t i on  occurs simultaneously wi th t h e  thermal 
decomposition reac t i on  ( I )  and i s  e i t h e r  compet i t ive o r  invo lves a common i n t e r -  
mediate species. Since the  absorbance changes associated w i t h  I1 are  r e l a t i v e l y  
weak, reac t i on  I w i l l  dominate t h e  i.r. d i f f e r e n c e  spectra when it i s  present. 

S e n s i t i v i t y  t o  water content  

We have observed t h a t  t he  r e l a t i v e  c o n t r i b u t i o n  o f  t he  th ree  i nd i ca ted  
react ions i s  sens i t i ve  t o  water. This has not  been sys temat i ca l l y  explored i n  our 
experiments. S im i la r  dependencies have been reported.(l4,15) devr ies,  e t  a1 .(14) 
p o i n t  out  t h a t  water w i l l  i n f l uence  t h e  hydroperoxide decomposition reactions. 
Marinov f i n d s  evidence f o r  m u l t i p l e  react ions i n  the low-temperature chemistry o f  
coal.( l5) Marinov fu r the r  f i nds  t h a t  water i s  both a product and a reac tan t  i n  the  
low-temperature chemistry o f  coal. Comparion o f  t h e  cond i t i ons  employed by Marinov 
and ourselves i nd i ca tes  t h a t  t h e  two sets  o f  observed react ions may be t h e  same. 
Therefore water i s  l i k e l y  i nvo l ved  i n  two o r  more o f  t he  react ions which we observe 
and w i l l  lead t o  extremely complex time-temperature-water content dependencies. 

The condi t ions which we have employed and those o f  t h e  other  c i t e d  s tud ies 
were c a r r i e d  out i n  the  temperature range and us ing coals  which a re  subject  t o  
"spontaneous" i g n i t i o n .  These complex i t ies associated w i t h  water content w i l l  be 
one o f  several f a c t o r s  which w i l l  con t r i bu te  t o  the  i n i t i a t i o n  o f  such an uncon- 
t r o l l e d  ox idat ion.  We be l i eve  t h a t  our r e s u l t s  a re  suggestive o f  several new 
approaches which might be b e n e f i c i a l  i n  prevent ing "spontaneous" i g n i t i o n  and, more 
genera l ly ,  improving the  s t a b i l i t y  o f  d r y  coal. Hydroperoxide o x i d a t i o n  i s  not 
important u n t i l  r e l a t i v e l y  h igh  temperatures and i s  endothermic i n  model compounds. 
Our i d e n t i f i c a t i o n  o f  two add i t i ona l  react ions which occur a t  much more modest 
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temperatures and a re  compe t i t i ve l y  coupled provides s p e c i f i c  react ion- types which 
might be amenable t o  c o n t r o l .  It i s  l i k e l y  t h a t  i n t e r r u p t i n g  e i t h e r  reac t i on  w i l l  
t o  improved coal s t a b i l i t y  and may even be e f f e c t i v e  i n  reducing o r  e l im ina t i ng  a 
key reac t i on  leading t o  spontaneous i g n i t i o n .  

V. Conclusions 

Analys is  of FT- i r  d i f f e r e n c e  spectra obtained when coal i s  subject  t o  
d i f f e r e n t  ox ida t i on  and thermal condi t ions i nd i ca tes  t h a t  thermal ox ida t i on  cons is t s  
o f  a t  l eas t  t h ree  reac t i ons  a l l  o f  which occur i n  a low-temperature (25 - 100OC) 
ox ida t i on  region. Reaction types (1-111) account f o r  t he  observed data. Two of  t h e  
react ions i nvo l ve  oxygen d i r e c t l y ;  t h e  t h i r d  i s  a thermal decarboxy lat ion o r  
decarbonylat ion r e a c t i o n  which proceeds i n  the absence o f  oxygen. Oxidation a t  
100°C resu l t s  i n  t h e  format ion o f  a v a r i e t y  of oxygenated species. The p r i n c i p a l  
products a re  be l ieved t o  be carbonyl species which r e s u l t  fran t h e  decomposition o f  
thermal ly  unstable hydroperoxides formed by oxygen a d d i t i o n  t o  some species i n  t h e  
coal. In  contrast ,  o x i d a t i o n  a t  25'C r e s u l t s  i n  a net  l oss  o f  absorbance which we 
I n t e r p r e t  as a l oss  o f  carbonyl species. The thermal process r e s u l t s  i n  s i g n i f i c a n t  
1 .r. absorption l o s s  a t  frequencies which are c h a r a c t e r i s t i c  o f  ca rboxy l i c  ac id  
species. Since carbonyl species can e i t h e r  be l o s t  o r  gained depending upon which 
pathway dominates, t he  t ime-temperature p r o f i l e  employed i n  ox ida t i on  s tud ies w i l l  
have a s i g n i f i c a n t  e f f e c t  on the  o v e r a l l  composition o f  t he  ox id i zed  coal. Commonly 
employed coal pre-dry ing procedures p r i o r  t o  ox ida t i on  i s  expected t o  a l t e r  t h e  
composit ion o f  the f i n a l  ox id i zed  coal since such pre-dry ing i s  s i m i l a r  t o  t h e  
thermal step examined i n  t h i s  work. 
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Abstract  

Following e a r l i e r  work, s t u d i e s  have been continued i n  examining t h e  ghysical  
and chemical changes which occur i n  c o a l s  fol lowing low-temperature (( 400 C) 
c a t a l y t i c  hydrogenation. Reactions were conducted with a s e r i e s  of c o a l s  ranging i n  
rank from subbituminous t o  low v o l a t i l e  bituminous and using a d i spe r sed  Mo c a t a l y s t  
i n  t h e  absence of solvent .  With progressive hydrogenation, the  y i e l d  of e x t r a c t a b l e  
l i q u i d s  s u b s t a n t i a l l y  increased f o r  a l l  coa l  samples except the low v o l a t i l e  
bituminous coal. 
Low-temperature hydrogenation was a l s o  found t o  negate  the  adverse e f f e c t s  of a i r  
ox ida t ion  on coal  f l u i d  behavior. 

There were corresponding inc reases  i n  t h e  c o a l  f l u i d  p rope r t i e s .  

Although hydrogenation improved coa l  f l u i d i t y ,  i t  e s s e n t i a l l y  e r a d i c a t e d  any 
swel l ing proper t ies  of the  parent  coal .  Experiments using blends of hydrogenated 
c o a l s  and hydrogenated c o a l  e x t r a c t s  w i th  parent  c o a l s  showed t h a t  d i l a t a t i o n  could 
be g r e a t l y  improved f o r  a bituminous coa l  by the  add i t ion  of hydrogenated bituminous 
coal  ex t rac t .  No o t h e r  blends exh ib i t ed  swe l l ing  propert ies .  I t  i s  suggested t h a t  
the phenomenon of swel l ing is  due t o  a p a r t i c u l a r  chemical i n t e r a c t i o n  between the  
mobile l i q u i d s  (indigenous o r  extraneous)  and t h e  chemical s t r u c t u r e  of t h e  coa l  
macromolecular network. 

In t roduc t ion  

It has  been known f o r  s e v e r a l  decades t h a t  hea t ing  c e r t a i n  c o a l s ,  a t  or near  
t h e i r  so f t en ing  p o i n t ,  may r e s u l t  i n  a s e v e r a l  fo ld  inc rease  i n  the  content  of 
e x t r a c t a b l e  l i q u i d s  (1-8). Furthermore, i t  has  been demonstrated t h a t  t h e  f l u i d  
p rope r t i e s  of the parent  coa ls  c o r r e l a t e  with the  y i e l d  of e x t r a c t a b l e  l i q u i d s  from 
the  hea t  t rea ted  coa ls  (most o f t e n  when chloroform w a s  used a s  t h e  e x t r a c t i n g  
so lvent )  and t h a t  both of these  c h a r a c t e r i s t i c s  passes  through a maximum i n  coa ls  
between 85 t o  88% carbon content  (5,6.9,10).  

The e f f e c t  of t h e  low molecular weight, hydrogen-rich, chloroform-soluble 
ma te r i a l  on t h e  p l a s t i c  behavior of coa l  has been explained by t h e  hypothesis  t h a t  
the development of p l a s t i c i t y  i s  a t r a n s i e n t ,  i n - s i t u ,  hydrogen-donor process  (11).  
These l i g h t e r  molecular weight substances not only play an e s s e n t i a l  r o l e  i n  
p l a s t i c i t y  development, but a l s o  a r e  i n f l u e n t i a l  i n  c o a l  l i q u e f a c t i o n  (12.13).  

A decrease i n  t h e  y ie ld  of e x t r a c t s  (14) and a s i g n i f i c a n t  decrease i n  p l a s t i c  
p rope r t i e s  (14,15) can be e f f e c t e d  by mild oxidation. 
suggested t h a t  the inco rpora t ion  of r e a c t i v e  oxygen groups ( a s  phenol ic ,  a c i d i c ,  or 
k e t o l i c  oxygen) may a c t  a8  the  agen t s  r e spons ib l e  f o r  the  formation of 
cross- l inkages during the  hea t ing  of t h e  coa l ,  l ead ing  t o  an o v e r a l l  reduct ion i n  
the i n t e r n a l  mob i l i t y  of the  coa l  molecules. Conversely, hydrogenation of oxidized 
or h igh  oxygen content  coa ls  can r e s u l t  i n  t h e  development of p l a s t i c  p r o p e r t i e s  
(17-19). 

Ignasiak e t  a l .  (16)  have 

I n  e a r l i e r  reported r e sea rch  (13.20).  which waa d i r e c t e d  towards d e r i v i n g  c o a l  
s t r u c t u r a l  information through l o r s e v e r i t y  c a t a l y t i c  coal  l i q u e f a c t i o n  i n  the 



absence of s o l v e n t ,  it was found t h a t ,  a s  the y i e l d  of e x t r a c t a b l e  l i q u i d s  
inc reased ,  t h e  coa ls  became p rogres s ive ly  more f l u i d .  Fu r the r  i n v e s t i g a t i o n s  have 
s i n c e  been made of t h e  r e l a t i o n s h i p  between t h e  c a t a l y t i c a l l y  generated l i q u i d s  and 
c o a l  f l u i d  p r o p e r t i e s  for a series of coa ls  of d i f f e r e n t  rank. The f ind ings  a r e  
presented i n  t h i s  paper. 

Experimental 

1) Coal P r o p e r t i e s  and P repa ra t ion  

The coa ls  s tud ied  were obtained from the Pennsylvania S t a t e  Coal Sample Bank 
and were se l ec t ed  t o  cover  a range of rank from subbituminous t o  low v o l a t i l e  
bituminous; each con ta in ing  ove r  80% v i t r i n i t e .  P r o p e r t i e s  of t h e  c o a l s  a r e  shown 
i n  Table 1. 

The coa ls  were ground t o  -20 mesh under cond i t ions  t o  minimize ox ida t ion  and 
were subsequently s t o r e d  under n i t rogen  and used without drying. 
hydrogenation experiments, t h e  coa ls  were impregnated wi th  1% u t  (dmmf) Mo by 
s l u r r y i n g  with an aqueous s o l u t i o n  of ammonium tetrathiomolybdate .  Af t e r  s lur ry ing ,  
t h e  excess  water  was removed by drying under vacuum below 100°C. 

For c a t a l y t i c  

A h igh f l u i d i t y  c o a l  (PSOC-1296) was chosen f o r  s t u d i e s  t o  examine t h e  e f f e c t s  
The coal  was oxidized under mild cond i t ions  by of oxidat ion on p l a s t i c  proper t ies .  

passing a i r  through a bed of t h e  f i n e l y  ground coal  (-40 mesh) a t  50°C f o r  four  
days. 

2) C a t a l y t i c  Hydrogenation 

Hydrogenation r e a c t i o n s  were conducted i n  tubing bomb r e a c t o r s  under an i n i t i a l  
(co ld)  hydrogen p res su re  of 7 MPa and a t  temperatures between 250 and 4OO0C f o r  
t imes of 5 t o  60 min. 
measurement and gas  chromatographic ana lys i s .  

The y i e l d s  of l i g h t  gases  were determined by volumetric 

I n  some cases .  t h e  r eac t ed  coa ls  were e x t r a c t e d  i n  chloroform, using a Soxhlet 
apparatus ,  t o  ob ta in  a p a r t i t i o n  i n t o  so luble  e x t r a c t  and residue.  More d e t a i l e d  
desc r ip t ions  of t h e  experimental  procedures have been reported (13,20,21). 

3) Analy t i ca l  

The f l u i d  p r o p e r t i e s  of coa ls .  hydrogenated coa ls  and blends of c o a l s  with coal  
e x t r a c t s  were s tud ied  using a n  automated Giese l e r  plastometer ,  fol lowing the  ASTM 
standard procedure (22) and a pressure microdilatometer. The l a t t e r  was operated 
a t  a heat ing r a t e  of 20 C min-' from ambient under 0.1 MPa of ni t rogen.  

Resul ts  and Discussion 

d 

The y i e l d s  of g a s e s  and chloroform-soluble e x t r a c t  obtained upon c a t a l y t i c  
hydrogenation of. the  c o a l s  f o r  60 min a t  350 and 4OO0C a r e  given i n  Table 2. 
Reaction a t  350°C caused a s i g n i f i c a n t  i nc rease  i n  t h e  y i e l d s  of c h l o r o f o m s o l u b l e  
e x t r a c t  over t h a t  obtained from the parent  c o a l ,  the  g r e a t e s t  response being 
obtained with the  subbituminous coa l ,  PSOC-1403. T h i s  obse rva t ion  i s  cons is ten t  
w i th  reported d a t a  showing t h a t ,  under these  r e a c t i o n  condi t ions ,  low-rank coa ls  
were more r e a c t i v e  than  bituminous coa ls  (13). A t  4OO0C, high e x t r a c t  y i e l d s  were 
obtained with a l l  of t h e  c o a l s  except the low v o l a t i l e  bituminous coa l ,  PSOC-1325. 
It is supposed t h a t  t h e  s t r u c t u r e  of a c o a l  a t  t h i s  s t a g e  of metamorphism contains  
such h igh  p ropor t ion  of s t r o n g  covalent  bonds t h a t  i t  i s  d i f f i c u l t  t o  break down 
i n t o  lower molecular weight spec ies ,  even i n  t h e  presence of an a c t i v e  c a t a l y s t .  

112 



Mild oxida t ive  treatment of t h e  hvA bituminous coa l ,  PSOC-1296, reduced the 
y i e l d  of e x t r a c t a b l e  l i q u i d s ,  a commonly observed phenomenon. However, t h e  
subsequent c a t a l y t i c  hydrogenation of t h i s  coal  appeared t o  have more than 
counteracted t h e  e f f e c t s  of oxidation. 

The r e s u l t s  of G i e s e l e r  plastometer measurements on c a t a l y t i c a l l y  hydrogenated 
and unextracted c o a l s  a r e  shown i n  F igures  I ( a )  - (c) .  The e f f e c t  of r e a c t i o n  t i m e  
on t h e  f l u i d i t y  of an  hvA c o a l  can be seen i n  Figure l ( a ) .  
t i m e  a t  4OO0C, which corresponds t o  a progress ive  i n c r e a s e  i n  t h e  conten t  of 
e x t r a c t a b l e  l i q u i d s ,  t h e  c o a l  sof ten ing  temperature was lowered and t h e  maximum 
f l u i d i t y  was increased. For t i n e s  longer  than  15 min, t h e  maximum f l u i d i t y  exceeded 
t h e  measurable range of t h e  instrument.  
introduced f l u i d  behavior t o  subbituminous c o a l s  which, i n  t h e i r  paren t  s t a t e ,  
produced no response i n  t h e  G i e s e l e r  plastometer,  Figure I(b) .  

With i n c r e a s i n g  r e a c t i o n  

S i m i l a r l y ,  r e a c t i o n  for 60 min a t  4OO0C 

I n  p a r a l l e l  wi th  t h e  measured e f f e c t s  of ox ida t ion  of t h e  hvA bituminous coal  
i n  lowering the  y i e l d  of chloroform-extractable l i q u i d s ,  t h e  f l u i d  p r o p e r t i e s  were 
a l s o  suppressed, Figure l ( c ) .  C a t a l y t i c  hydrogenation of t h e  oxidized coa l  was 
ins t rumenta l  i n  increas ing  t h e  f l u i d i t y  above t h a t  of the  o r i g i n a l  coal .  

The development of f l u i d i t y  i n  these  c o a l s ,  a s  measured by the  G i e s e l e r  
plastometer,  is not  t o  be confused wi th  t h e  swel l ing  behavior shown by coking coals .  
Examination of the  t r e a t e d  c o a l s  i n  the  microdilatometer showed t h a t ,  c o n s i s t e n t  
wi th  t h e  G i e s e l e r  measurements, t h e  c o a l  s o f t e n i n g  temperature had been reduced. 
However, a l l  of t h e  samples underwent a volume c o n t r a c t i o n  with i n c r e a s i n g  
temperature,  even those which had exhib i ted  a n e t  volume expansion or d i l a t a t i o n  
p r i o r  t o  treatment.  These r e s u l t s  were i n t e r p r e t e d  t o  mean t h a t  the  c a t a l y t i c  
hydrogenation had increased  t h e  c o a l  f l u i d i t y  t o  such an ex ten t  t h a t ,  i n  t h e  melted 
s t a t e ,  t h e  v i s c o s i t y  was so reduced t h a t  v o l a t i l e  pyro lys i s  products could f r e e l y  
escape without causing t h e  c o a l  t o  swel l .  
t h a t ,  upon becoming f l u i d ,  t h e  d e n s i t y  of t h e  coa l  sample had increased. 

I n  e f f e c t ,  t h e  volume c o n t r a c t i o n  meant 

A number of experiments were then  conducted, us ing  a bituminous and a 
subbituminous c o a l  (PSOC-1266 and PSOC-1403, respec t ive ly)  t o  determine whether 
blending t h e  hydrogenated products wi th  unt rea ted  c o a l s  could inf luence  swel l ing  
behavior. 
t h e  concent ra t ion  of t h e  former was increased up t o  50% u t  d i d  n o t  apprec iab ly  
inf luence  t h e  swel l ing  behavior of e i t h e r  c o a l ,  al though, f o r  t h e  bituminous coa l ,  
t h e r e  was a s teady  reduct ion  i n  s o f t e n i n g  temperature wi th  increas ing  concent ra t ion  
of the  t r e a t e d  coal .  

Mixtures of unextracted hydrogenated c o a l s  wi th  t h e  parent  c o a l ,  i n  which 

Blending t h e  e x t r a c t  from the  hydrogenated bituminous c o a l  w i t h  t h e  parent  coal  
had a dramatic e f f e c t  upon swel l ing  p r o p e r t i e s ,  Table 3. This  e f f e c t  was not  found 
with any o t h e r  combination of the  parent  bituminous or subbituminous c o a l  wi th  
e i t h e r  e x t r a c t  from the  hydrogenated coa ls ,  a l though blending d i d  reduce the  i n i t i a l  
sof ten ing  temperature and increase  t h e  volume cont rac t ion  i n  each case. 

It i s  assumed t h a t  t h e  e x t r a c t s  from t h e  hydrogenated c o a l s  and i n  p a r t i c u l a r  
t h e  bituminous c o a l  w i l l  conta in  a reasonable propor t ion  of hydroaromatic 
s t ruc tures .  The presence of H-donor compounds is thought t o  enhance t h e  p l a s t i c  
behavior of c o a l s  (11). 
swel l ing  is a t t r i b u t a b l e  t o  a p a r t i c u l a r  combination of (poss ib ly)  H-donor 
p r o p e r t i e s  of t h e  mobile l i q u i d s  w i t h i n  c o a l s  (and added l i q u i d s  such a s  t h e  e x t r a c t  
from the  hydrogenated bituminous c o a l )  t o g e t h e r  w i t h  t h e  s t r u c t u r a l  conf igura t ion  of 
t h e  c o a l  macromolecular network. 

The r e s u l t s  presented here  suggest t h a t  t h e  phenomenon of 
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TABLE 3 

DILATOMETRIC PARAMETERS FOR MIXTURES OF BITUMINOUS COAL (PSOC 1266)  
WITH THE CHLOROFORM-SOLUBLE EXTRACT OF THE HYDROGENATED COAL 

wt% hydrogenated extract in 
mixture 

0 5 10 

Softening temperature, "C 4 35 410 395 

Temperature of maximum 
contraction, OC 

Temperature of maximum 
expansion, ,OC 

477 460 450 

500 487 480 

500 Resolidification temperature, OC --- --- 
% maximum volume* contraction 21 24 21 

x maximum volume* expansion (net) 23 52 129 

% volume expansion* on 
resolidification (net) 

* 
measured relative to original coal volume 

117 

20 

367 

435 

485 

495 

26 

349 

349 



Fluidity Change with Progressive 
Catalytic Hydrogenation (4000C) 

. .  

230 290 350 410 470 
Temperature OC 

la) 
Coal: PSOC-1266, hvA 

Fluidity of Subbituminous Coals Catalytically Hydrogenated 
at 400% (Parent coals have no fluidity.) 

+ 

I 

1 
220 280 340 400 460 

Temperature OC 
(b) 

Eflects of Mild Oxidation and Subsequent Catalytic 
Hydrogenation on Coal Fluidity 

1 
250 312 375 437 500 

Temperature OC 
Coal: PSOC-1296, hVA 

(C) 

Figure 1.GIESELER PLASTOMETRY MEASUREMENTS OF HYDROGENATED 
AND PARENT COALS 
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DISTRIBUTION OF IMPREGNATED METAL H A L I D E  CATALYSTS I N  COAL GRAINS 

Dav id  M. B o d i l y  and J y i - P e r n g  Wann 

Depar tmen t  o f  F u e l s  E n g i n e e r i n g ,  U n i v e r s i t y  o f  U tah  
S a l t  L a k e  C i t y ,  U tah  84124 

INTRODUCTION 

M e t a l  h a l i d e s  s u c h  a s  s t a n n o u s  c h l o r i d e  and z i n c  c h l o r i d e  a r e  
known t o  be e f f e c t i v e  c o a l  h y d r o g e n o l y s i s  c a t a l y s t s  (1-3) .  W e l l e r  e t  
a l .  ( 1 )  examined a number of  p o t e n t i a l  c a t a l y s t s  and f o u n d  z i n c  and  t i n  
c h l o r i d e s  t o  b e  among t h e  b e s t .  A l t h o u g h  s t a n n o u s  c h l o r i d e  i s  g e n e r a l -  
l y  r e c o g n i z e d  t o  be more a c t i v e  t h a n  z i n c  c h l o r i d e ,  z i n c  c h l o r i d e  h a s  
been c h o s e n  a s  t h e  c a t a l y s t  i n  a number of c o a l  l i q u e f a c t i o n  s y s t e m s .  
T h e s e  i n c l u d e  p r o c e s s e s  d e v e l o p e d  i n  J a p a n  (41 ,  mol ten  s a l t  r e a c t o r s  
(2,3) and s h o r t  r e s i d e n c e  time r e a c t o r s  ( 5 - 7 ) .  

The m e t a l  h a l i d e s  a p p e a r  t o  be a c t i v e  i n  c l e a v i n g  b r i d g e s  between 
g r o u p s  o f  condensed  a r o m a t i c  r i n g s  ( u n i t  s t r u c t u r e s )  u n d e r  l i q u e f a c t i o n  
c o n d i t i o n s .  T h i s  r e s u l t s  i n  a p r o g r e s s i v e  d e p o l y m e r i z a t i o n  o f  t h e  
c o a l ,  u l t i m a t e l y  t o  i s o l a t e d  u n i t  s t r u c t u r e s ,  w i t h  l i t t l e  r e a c t i o n  o f  
t h e  c o n d e n s e d  r i n g  s y s t e m s  t h e m s e l v e s  (8 -10) .  T h i s  r e s u l t s  is less  
hydrogen  consumpt ion  and a s o l u b l e  p r o d u c t  t h a t  can be f u r t h e r  u p g r a d -  
ed .  W e l l e r  e t  a l .  ( 1 )  s u g g e s t e d  t h a t  a m e t a l  s u l f i d e  was f o r m e d ,  which 
was t h e  a c t i v e  c a t a l y t i c  s p e c i e s .  Z i e l k e  e t  a l .  ( 2 )  p r o p o s e d  a complex 
o f  z i n c  c h l o r i d e  and w a t e r  t o  f o r m  a F r i e d e l - C r a f t s  t y p e  a c i d ,  f o r  t h e  
c a s e  o f  z i n c  c h l o r i d e  c a t a l y z e d  l i q u e f a c t i o n .  B e l l  a n d  c o w o r k e r s  
(11 -14)  s t u d i e d  t h e  c l e a v a g e  i n  model compounds w i t h  e t h e r  a n d  c a r b o n -  
c a r b o n  b o n d s ,  s p e c i e s  t h a t  a r e  t h o u g h t  t o  fo rm b r i d g e s  b e t w e e n  u n i t  
s t r u c t u r e s  i n  c o a l .  T h e y  p r o p o s e d  a s i m i l a r  a c t i v e  s p e c i e s .  T h i s  
c o n c l u s i o n  was s u p p o r t e d  by a s t u d y  o f  B e i s h l i n e  e t  a l .  ( 1 5 ) .  T h e  
h y d r o g e n o l y s i s  r e a c t i o n  b e g i n s  a t  t h e  s u r f a c e  o f  c o a l  g r a i n s  a n d  
p r o c e e d s  t o w a r d s  t h e  c e n t e r  ( 1 6 , 1 7 ) .  As t h e  b r i d g e s  a r e  b r o k e n ,  t h e  
c o a l  s o f t e n s  and  r e a c t s .  The m e t a l  h a l i d e s  l o w e r  t h e  t e m p e r a t u r e  a t  
wh ich  t h e  c o a l  s o f t e n s  ( 1 8 )  a n d  a l s o  t h e  t e m p e r a t u r e  a t  w h i c h  t h e  
e x o t h e r m i c  c o a l  h y d r o g e n a t i o n  r e a c t i o n  o c c u r s  ( 1 9 ) .  

C o n t a c t i n g  o f  t h e  m e t a l  h a l i d e  w i t h  t h e  b r i d g i n g  s t r u c t u r e s  i s  
r e q u i r e d  f o r  t h e  l i q u e f a c t i o n  r e a c t i o n  t o  p r o c e e d .  A t  t h e  t e m p e r a t u r e s  
o f  l i q u e f a c t i o n  p r o c e s s e s ,  t h e  c o a l  s o f t e n s  a n d  b o t h  t h e r m a l  a n d  
c a t a l y t i c  bond c l e a v a g e  o c c u r s .  The  r e a c t i o n s  a r e  r a p i d ,  b u t  may l e a d  
t o  r e t r o g r e s s i v e  r e a c t i o n s  i f  s o u r c e s  o f  h y d r o g e n  a r e  i n s u f f i c i e n t  
o r  t h e  c a t a l y s t  is n o t  p r e s e n t  ( 2 0 , 2 1 1 .  The semi -coke  fo rmed  by t h e  
r e t r o g r e s s i v e  r e a c t i o n s  is  l e s s  r e a c t i v e  t o  l i q u e f a c t i o n  I n d  i n c r e a s e s  
t h e  r e a c t i o n  time and  s e v e r i t y  o f  c o n d i t i o n s  r e q u i r e d  f o r  h i g h  c o n v e r -  
s i o n s .  P a r t i a l  l i q u e f a c t i o n  u n d e r  hydrogen  d e f i c i e n t  c o n d i t i o n s  may 
i n d u c e  s u f f i c i e n t  f l u i d i t y  f o r  m e s o p h a s e  t o  f o r m .  R e c e n t l y ,  t h e  
l i q u e f a c t i o n  o f  c o a l  a t  m i l d  c o n d i t i o n s ,  b e l o w  t h e  n o r m a l  s o f t e n i n g  
t e m p e r a t u r e ,  h a s  b e e n  s t u d i e d  ( 2 2 ) .  T h e  p r o c e s s  i n v o l v e s  two 
s t e p s :  h y d r o t r e a t i n g  o f  m e t a l  h a l i d e  i m p r e g n a t e d  c o a l  and b a s e  c a t a l y z -  
ed d e p o l y m e r i z a t i o n  o f  t h e  p r o d u c t s .  The t e m p e r a t u r e  of  t h e  p r o c e s s  is 
k e p t  below 275OC. Under  t h e s e  c o n d i t i o n s ,  t h e  f l u i d i t y  of t h e  s y s t e m  
is low and  it is i m p o r t a n t  t o  h a v e  good  c o n t a c t  b e t w e e n  t h e  m e t a l  
h a l i d e  c a t a l y s t  and t h e  b r i d g e s  t h a t  a r e  t o  be c l e a v e d .  The c a t a l y t i c  
r e a c t i o n s  must  o c c u r  and t h e  t h e r m a l  r e a c t i o n s  m u s t  be s u p p r e s s e d .  I t  
is  t h e r e f o r e  i m p o r t a n t  t h a t  a good d i s p e r s i o n  o f  t h e  c a t a l y s t  t h r o u g h -  
o u t  t h e  c o a l  g r a i n s  b e  a c h i e v e d . .  The e f f e c t  o f  i m p r e g n a t i o n  method on 
t h e  d i s p e r s i o n  o f  t h e  c a t a l y s t  is t h e  s u b j e c t  o f  t h i s  r e p o r t .  
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E X  PER1 M E N  TAL 

Four c o a l  s a m p l e s  w e r e  s t u d i e d  i n  t h e s e  e x p e r i m e n t s .  The u l t i m a t e  
a n a l y s i s  of  t h e  c o a l s  is shown i n  t a b l e  1 .  T h e  p r e p a r a t i o n  of  t h e  
s a m p l e s  f o r  a n a l y s i s  is shown s c h e m a t i c a l l y  i n  f i g u r e  1 .  The  c o a l s  
w e r e  g r o u n d  t o  - 6 0 / + 1 0 0  mesh a n d  e x t r a c t e d  w i t h  THF i n  a S o x h l e t  
e x t r a c t o r .  Some samples u s e d  f o r  X-ray a n a l y s i s  w e r e  d e m i n e r a l i z e d  by 
H C 1  and  HF. W a t e r ,  a c e t o n e  and  m e t h a n o l  w e r e  u s e d  a s  s o l v e n t s  f o r  
i m p r e g n a t i o n  o f  t h e  m e t a l  h a l i d e s .  R e a g e n t  g r a d e  ZnC12,  F e C 1 3 ,  
N i C 1 2 . 6 H 2 0 ,  SnC12.2H20 and  SnC14.5H20 were  i m p r e g n a t e d  on t h e  c o a l s .  
The s o l v e n t ,  m e t a l  h a l i d e  and  c o a l  w e r e  mixed i n  t h e  d e s i r e d  amounts .  
T h e  m i x t u r e  w a s  s t i r r e d  a n d  a g i t a t e d  i n  a n  u l t r a s o n i c  b a t h  f o r  two 
h o u r s .  The c o a l / m e t a l  h a l i d e  m i x t u r e  w a s  t h e n  d r i e d  t o  r e m o v e  t h e  
s o l v e n t .  

G r a i n  mounts  w e r e  p r e p a r e d  w i t h  epoxy m o u n t i n g  medium, ground and  
p o l i s h e d  t o  e x p o s e  c r o s s  s e c t i o n s  of  t h e  c o a l  g r a i n s .  A H i t a c h i  (model  
S-500)  s c a n n i n g  e l e c t r o n  m i c r o s c o p e  was u s e d  t o  e x a m i n e  t h e  s a m p l e s .  
T h e  e l e c t r o n  e n e r g y  was 2 0 , 0 0 0  K e V .  A Kevex e n e r g y - d i s p e r s i v e  s p e c t r o -  
m e t e r  was u s e d  t o  map f l u o r e s c e n t  X-rays f r o m  t h e  m e t a l  a toms and t h e  
c h l o r i n e .  X-ray d i f f r a c t i o n  was  u s e d  t o  m e a s u r e  c h a n g e s  i n  t h e  s p a c i n g  
o f  c l u s t e r s  o f  c o n d e n s e d - r i n g  a r o m a t i c  g r o u p s .  The a s s i g n m e n t  o f  X-ray 
d i f f r a c t i o n  p e a k s  was by c o m p a r i s o n  w i t h  t h e  d i f f r a c t i o n  p a t t e r n  o f  
g r a p h i t e .  

RESULTS A N D  DISCUSSION 

P o l i s h e d  g r a i n  mounts  of t h e  m e t a l  h a l i d e - i m p r e g n a t e d  c o a l  s a m p l e s  
were examined  w i t h  t h e  s c a n n i n g  e l e c t r o n  m i c r o s c o p e .  G r i n d i n g  a n d  
p o l i s h i n g  o f  t h e  g r a i n  m o u n t s  e x p o s e s  a c r o s s  s e c t i o n  o f  t h e  c o a l  
g r a i n s .  F l u o r e s c e n t  X-rays ,  e m i t t e d  f r o m  t h e  s u r f a c e  o f  t h e  m o u n t ,  
w e r e  m e a s u r e d  w i t h  t h e  e n e r g y  d i s p e r s i v e  d e t e c t o r  a s  t h e  s a m p l e  was 
s c a n n e d .  A nar row band o f  X-rays ,  c o r r e s p o n d i n g  t o  a s p e c i f i c  a t o m ,  
w e r e  r e c o r d e d  on p h o t o g r a p h i c  f i l m  a s  t h e  s a m p l e  was s c a n n e d .  The 
d i s t r i b u t i o n  o f  t h e  g i v e n  a tom i n  t h e  c o a l  g r a i n  w a s  t h u s  o b t a i n e d .  
T h e  m e t a l  a tom a n d  c h l o r i n e  a tom d i s t r i b u t i o n s  f o r  v a r i o u s  i m p r e g n a t i o n  
c o n d i t i o n s  w e r e  d e t e r m i n e d .  I f  t h e  m e t a l  h a l i d e  i s  u n i f o r m l y  d i s t r i -  
b u t e d  t h r o u g h o u t  t h e  c o a l  g r a i n ,  t h e  p h o t o g r a p h  w i l l  show a u n i f o r m  
e x p o s u r e  t h r o u g h o u t  t h e  c r o s s  s e c t i o n  of t h e  c o a l  g r a i n .  I f  t h e  m e t a l  
h a l i d e  i s  p o o r l y  d i s t r i b u t e d  t h r o u g h o u t  t h e  c o a l  g r a i n ,  t h e  p h o t o g r a p h  
w i l l  show e x p o s u r e  a t  t h e  e d g e  of t h e  c r o s s  s e c t i o n  a n d  a l o n g  c r a c k s ,  
b u t  n o t  i n  t h e  c e n t e r  of t h e  g r a i n s .  Some b a c k g r o u n d  e x p o s u r e  w i l l  b e  
seen i n  a r e a s  w h e r e  t h e  e p o x y  m o u n t i n g  medium i s  e x p o s e d  a t  t h e  
s u r f a c e .  E l e c t r o n  m i c r o g r a p h s  o f  t h e  c o a l  g r a i n s  w e r e  a l s o  o b t a i n e d .  
T h e  X - r a y s  K o s t l y  o r i g i n a t e  n e a r  t h e  s u r f a c e ,  s i n c e  t h e  d e p t h  o f  
p e n e t r a t i o n  o f  t h e  e l e c t r o n s  is n o t  g r e a t .  

T h e  d i s t r i b u t i o n  o f  t h e  m e t a l  h a l i d e s  w i t h i n  c o a l  g r a i n s  i s  
q u a l i t a t i v e l y  snown i n  f i g u r e  2 .  The  i n t e r p r e t a t i o n  is s u b j e c t i v e  and 
i s  b a s e d  on o b s e r v a t i o n  o f  s e v e r a l  g r a i n s  f o r  e a c h  s a m p l e .  Good 
d i s p e r s i o n  o f  t h e  m e t a l  h a l i d e s  is a c h i e v e d  w i t h  o r g a n i c  s o l v e n t s .  
B o t h  m e t h a n o l  a n d  a c e t o n e  a r e  e f f e c t i v e  i n  d i s p e r s i n g  t h e  m e t a l  h a l i d e s  
a n d  u n d e r  t h e  c o n d i t i o n s  o f  t h e s e  e x p e r i m e n t s ,  it is  i m p o s s i b l e  t o  
d e t e r m i n e  i f  o n e  is b e t t e r  t h a n  t h e  o t h e r .  B o t h  of  t h e s e  s o l v e n t s  a r e  
known t o  swell c o a l s :  S t a n n o u s  c h l o r i d e  i s  t h e  most  e a s i l y  d i s p e r s e d  
of t h e  m e t a l  h a l i d e s  t e s t e d .  N i c k e l  a n d  i r o n  c h l o r i d e s  a r e  more  
d i f f i c u l t  t o  d i s p e r s e  f r o m  a q u e o u s  s o l u t i o n .  The  effectiveness o f  
d i s p e r s i o n  of  t h e  m e t a l  h a l i d e s  v a r i e s  w i t h  t h e  c o a l  s a m p l e s ,  b u t  d o e s  
n o t  f o l l o w  r a n k .  
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B e a l l  (23,24) h a s  r e p o r t e d  t h e  p o s s i b l e  f o r m a t i o n  o f  i n t e r c a l a t i o n  
compounds o f  c o a l  w i t h  t h e  c h l o r i d e s  of  i r o n ,  chromium, and  c o p p e r  a t  
t e m p e r a t u r e s  from 215% t o  150OC. The f o r m a t i o n  o f  i n t e r c a l a t e s  h a s  
b e e n  s u g g e s t e d  a s  a p o s s i b l e  m e c h a n i s m  i n  t h e  c a t a l y s i s  of c o a l  
h y d r o g e n o l y s i s  by m e t a l  h a l i d e s .  The p o s s i b l e  f o r m a t i o n  of i n t e r c a -  
l a t e s  was i n v e s t i g a t e d  by X-ray d i f f r a c t i o n  o f  t h e  i m p r e g n a t e d  s a m p -  
l e s .  F o r m a t i o n  o f  a n  i n t e r c a l a t i o n  c o m p l e x  w o u l d  b e  e x p e c t e d  t o  
s h i f t  t h e  002 d i f f r a c t i o n  p e a k ,  c o r r e s p o n d i n g  t o  a l a r g e r  i n t e r p l a n a r  
s p a c i n g  i n  t h e  c l u s t e r s  o f  c o n d e n s e d - r i n g  a r o m a t i c  g r o u p s .  D e m i n e r a l -  
i z e d  s a m p l e s  were s t u d i e d  t o  remove t h e  i n t e r f e r e n c e  f r o m  d i f f r a c t i o n  
p e a k s  d u e  t o  m i n e r a l  m a t t e r .  I m p r e g n a t i o n  o f  m e t a l  h a l i d e s  d e c r e a s e d  
t h e  i n t e n s i t y  of 0 0 2  d i f f r a c t i o n  p e a k s  d u e  t o  s c a t t e r i n g  o f  X-rays  by 
t h e  m e t a l  a t o m s ,  b u t  t h e  p e a k s  w e r e  n o t  s h i f t e d .  A l t h o u g h  t h e  f o r m a -  
t i o n  o f  i n t e r c a l a t e s  c a n n o t  be r u l e d  o u t  by t h e s e  e x p e r i m e n t s ,  t h e r e  
i s  no  e v i d e n c e  t o  s u p p o r t  i n t e r c a l a t e  f o r m a t i o n .  

A c e t o n e  a n d  m e t h a n o l  s w e l l  c o a l s  a n d  a r e  a l s o  e f f e c t i v e  i n  
i m p r e g n a t i n g  m e t a l  h a l i d e s  t h r o u g h o u t  t h e  c o a l  s t ructure .  E x a m i n a t i o n  
o f  s w o l l e n  c o a l s ,  f r o m  w h i c h  t h e  s o l v e n t  h a s  been  r e m o v e d ,  by X - r a y  
d i f f r a c t i o n  show no c h a n g e s  i n  t h e  002 d i f f r a c t i o n  p e a k .  T h e  s o l v e n t  
i s  a p p a r e n t l y  i m b i b e d  by t h e  amorphous r e g i o n s  s u r r o u n d i n g  t h e  c l u s t e r s  
o f  c o n d e n s e d - r i n g  a r o m a t i c  u n i t s ,  b u t  d o e s  n o t  d i s r u p t  t h e  c lu s t e r s .  
The m e t a l  h a l i d e s  a p p e a r  t o  be d e p o s i t e d  i n  t h e s e  amorphous r e g i o n s  a s  
t h e  s o l v e n t  i s  e v a p o r a t e d .  W a t e r  d o e s  n o t  swel l  c o a l ,  b u t  i t  i s  
a d s o r b e d  on c o a l  s u r f a c e s  w i t h i n  p o r e s .  I m p r e g n a t i o n  f rom a q u e o u s  
s o l u t i o n  i s  n o t  a s  e f f e c t i v e  a s  f r o m  o r g a n i c  s o l u t i o n  a n d  d e p e n d s  
s t r o n g l y  on t h e  c o a l  and  t h e  m e t a l  h a l i d e  p r o p e r t i e s .  I m p r e g n a t i o n  o f  
s t a n n o u s  c h l o r i d e  f r o m  a q u e o u s  s o l u t i o n  a t  room t e m p e r a t u r e  c a n  be  
q u i t e  e f f e c t i v e  i n  a c h i e v i n g  h i g h  d i s p e r s i o n  a t  t h e  m i c r o s c o p i c  l e v e l ,  
which  i s  t h e  l i m i t  of r e s o l u t i o n  of t h e s e  t e c h n i q u e s .  The  d i s p e r s i o n  
a t  t h e  m o l e c u l a r  l e v e l  f o r  i m p r e g n a t i o n  from e i t h e r  a q u e o u s  or o r g a n i c  
s o l u t i o n s  c a n n o t  be m e a s u r e d  by t h e s e  p r o c e d u r e s .  

CONCLUSIONS 

I m p r e g n a t i o n  o f  m e t a l  h a l i d e s  t h r o u g h o u t  c o a l  s t r u c t u r e s  is  more 
e f f e c t i v e  f rom o r g a n i c  s o l u t i o n s  t h a n  f r o m  a q u e o u s  s o l u t i o n s .  H i g h  
d i s p e r s i o n  o f  t h e  m e t a l  h a l i d e  i s  a t t r i b u t e d  t o  t h e  a b i l i t y  o f  t h e  
s o l v e n t  t o  p e n e t r a t e  t h e  c o a l  s t r u c t u r e  and  c a u s e  s w e l l i n g .  A minimum 
s o l u b i l i t y  o f  t h e  m e t a l  h a l i d e  i n  t h e  s o l v e n t  i s  a l s o  r e q u i r e d .  No 
e v i d e n c e  f o r  t h e  f o r m a t i o n  o f  i n t e r c a l a t i o n  compounds be tween t h e  m e t a l  
h a l i d e s  a n d  c o n d e n s e d - r i n g  a r o m a t i c  s t r u c t u r e s  i n  t h e  c o a l  h a s  been  
f o u n d .  

G o o d  d i s p e r s i o n  o f  p o t e n t i a l  c o a l  h y d r o g e n o l y s i s  c a t a l y s t s  
t h r o u g h o u t  t h e  c o a l  is e x p e c t e d  t o  be  i m p o r t a n t  i n  l o w - s e v e r i t y  c o a l  
l i q u e f a c t i o n  p r o c e s s e s .  L i q u e f a c t i o n  may be e x p e c t e d  t o  b e  a c h i e v e d  
below t h e  n o r m a l  s o f t e n i n g  t e m p e r a t u r e  o f  t h e  c o a l .  Good d i s p e r s i o n  
may a l s o  p r e v e n t  t h e  f o r m a t i o n  o f  l e s s - r e a c t i v e  s e m i c o k e  d u r i n g  
l i q u e f a c t i o n  a t  h i g h e r  t e m p e r a t u r e s .  Under  c o n d i t i o n s  of good c a t a l y s t  
d i s p e r s i o n  a n d  h y d r o g e n  a c c e s s i b i l i t y ,  d e p o l y m e r i z a t i o n  of c o a l  t o  
s o l u b l e  p r o d u c t s  may be  e x p e c t e d  t o  o c c u r  r a p i d l y .  
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T a b l e  1. U l t i m a t e  A n a l y s i s  of  Coal S a m p l e s  

Wyodak B u r n i n g  S t a r  E l k  h o r  n Coal B a s i n  

C a r b o n ,  % 76 .0  
Hydrogen ,  % 5 .4  
N i t r o g e n ,  % 1.4 
S u l f u r ,  % 0 .6  
Oxygen ,  % ( d i f )  16.6 

78 .9  
5.4 
1.2 
4.4 

10.1 

85.4 
5.1 
1.8 
0.7 
7.0 

90.3 
5.4 
2 .2  
0.7 
1.4 

122 



I + Coal Sample Solvent 

Size Reduction 

I Drying 
. - - - - _ _ _ - - _ _ -  

- _ _ _ _ _ _ _ _ _ - _ _  Epoxy Resin 
and Hardener 1 

Mount  I I I 
I Polishing 1 

Figure 1. Flowchart for SEM Mount Preparation 

CATALYST APPLIED TO COAL PARTICLES 
WATER SOLVENT 0 ORGANIC SOLVENT 

Figure 2. Catalyst Dispersion 
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A PSEUDOKINETIC STUDY OF COAL LIQUEFACTION 

D.H. Finseth, B.C. Bockrath, 
E.G. Illig, and B.M. Thames 
U.S. Department of Energy 

Pittsburgh Energy Technology Center 
P.O. Box 10940 

Pittsburgh, PA 15236 

All approaches to the study of the chemistry of coal liquefaction are 
handicapped to one degree or another by the inability to accurately measure 
the detailed structure of the primary reagent of interest -- coal. Recent 
work at PETC has focused on utilizing quantitative 13C NMR together with 
elemental balances to obtain an improved picture of the molecular level 
chemistry of hydrogen in realistic conversion environments. The method 
divides total hydrogen incorporated into the organic products into that con- 
sumed in hydrogenation, heteroatom removal, and hydrogenolysis. The details 
of this approach have recently been discussed [l]. To date, the approach 
has proven useful in describing the influence of reaction temperature [1,2] 
and catalyst [3] on the utilization of hydrogen. This work describes 
efforts to determine the relative rates of hydrogen-consuming reactions -- 
hydrogenolysis, hydrogenation, and heteroatom removal. 

ExDer imental 

All reactions were done on a shaking microautoclave system, which has 
the capacity to simultaneously immerse five 40 milliliter microreactors into 
a preheated fluidized-bed sandbath. This system has a heat-up time of 
approximately 5 minutes. Prior to reaction the microreactors were charged 
with 4 g of Illinois No. 6 hvC (River King) bituminous coal and 7 g of a 
heavy coal-derived distillate (2400C-45O0C cut from the SRC-I1 Process), and 
pressurized to 1200 psig with hydrogen at ambient temperature. This loading 
procedure results in a hydrogen pressure of approximately 2000 psig at 
reaction temperature. Catalytic runs were accomplished by loading the coal 
with 0.006 g of either molybdenum (as ammonium heptamolybdate) or tin (as 
SnClc). Reactions were run at 0-, 5-, lo-, 20-, 30-, and 60-minute reaction 
times (time at 38OOC). 

Following reaction the headspace gas was quantitatively collected and 
analyzed by gas chromatography. The total reaction product was removed to a 
Soxhlet thimble and separated via CHzClz extraction into soluble and 
insoluble fractions. Both product fractions were analyzed for elemental 
composition via microanalytical procedures by Huffman Laboratories. 

Both "C and 'H high-resolution NMR spectra were obtained in CDzClt on 
the soluble fractions using a Varian XL-100 spectrometer. The "C NMR 

Reference in this report to any specific commercial product, process, or 
service is to facilitate understanding and does not necessarily imply its 
endorsement or favoring by the United States Department of Energy. 
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spectra of the feed coal and the CHZC12 insolubles were obtained via crossed 
polarization magic angle spinning, CP/MAS, techniques using a Brucker CXP- 
100 instrument. 

Results and Discussion 

The hydrogen utilization profiling method involves measurement of the 
"C NMR aromaticity change during reaction as a direct quantitative measure 
of the degree of hydrogenation of the feed slurry. The total hydrogen 
incorporation is obtained from the elemental analysis, and the amount 
incorporated in heteroatom removal is estimated from the change in organic 
heteroatom content. In these low-temperature reactions (3800C), negligible 
amounts of light hydrocarbon gases were produced. Thus any hydrogenolysis 
observed must involve cleavage of slurry matrix bonds to yield smaller solid 
and liquid fragments. It must be remembered that because there is no means 
of counting bonds, the amount of hydrogen incorporated via hydrogenolysis 
must be obtained by difference: 

Total hydrogen - (hydrogenation + heteroatom removal) = hydrogenolysis. 

The data in final form are simply the number of hydrogens, per 100 carbons 
of feed slurry, that are incorporated into organic products via hydro- 
genation, heteroatom removal, and hydrogenolysis (bond cleavage) reactions. 

The results of this study of hydrogen utilization are presented in 
Figure 1. Figure la shows the total net hydrogen incorporation into organic 
products as a function of time for uncatalyzed and tin- and molybdenum- 
catalyzed reactions. The catalyzed systems appear to incorporate hydrogen 
more rapidly than the uncatalyzed reactions (note 20- and 30-minute reaction 
times), but at the longest reaction time (60 minutes), there is no dif- 
ference between the total net hydrogen incorporation in catalyzed and 
uncatalyzed reactions. For the catalyzed reactions the results suggest that 
product hydrogen content actually decreases from 30 to 60 minutes, whereas 
in the noncatalyzed reaction, hydrogen is still being incorporated during 
this time period. This may indicate that retrogressive reactions are 
important at longer reaction times in the catalyzed reactions. Analysis of 
headspace gas composition after reaction indicates that this decrease in 
hydrogen content is not due to hydrogen starvation. The behavior shown in 
Figure 1 at short reaction times, 510 minutes, is seemingly erratic. How- 
ever, it does suggest that in general the chemistry is different, either in 
rate or ,in the nature of the reactions, from that observed at longer 
reaction times. 

The data in Figure lb indicate that there is essentially no dependence 
of heteroatom removal on either catalyst addition or reaction time under 
these conditions. 

The amount of hydrogen incorporated into products via hydrogenation 
reactions is measured directly by measuring the change in aromaticity during 
reaction. The data obtained for incorporation of hydrogen by hydrogenation 
ape presented in Figure IC. It first must be stressed that optimistic error 
limits on measurement of the change in aromaticity, Afa, are 2: 0.02.  This 
error translates directly into an error of 2: 2 hydrogens per 100 carbons. 
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With this caution, the data in Figure IC indicate no significant change in 
degree of hydrogenation with reaction time. However, it is intriguing to 
note that all three sets of data -- molybdenum-catalyzed, tin-catalyzed, and 
uncatalyzed -- show evidence of hydrogenation at 10-minute reaction times 
and show a drop in the degree of hydrogenation between 10 and 20 minutes. 
Both catalytic runs also exhibit slightly higher levels of hydrogenation 
than the noncatalyzed reaction from 20 minutes to 60 minutes of reaction. 
These small differences are within the limits of error of the method. 

The most difficult (and error-prone) mode of hydrogen utilization to 
measure is the hydrogen incorporated into the system via hydrogenolysis or 
bond cleavage chemistry. This mode of utilization is determined by dif- 
ference and incorporates the sum of the errors of the other analyses (total 
hydrogen, heteroatom removal, and hydrogenation). With this qualification, 
the data that describe hydrogen incorporation in bond cleavage chemistry are 
very interesting (see Figure Id). They indicate that for the first 10 
minutes of reaction, there is progressively more net bond formation (con- 
densation). This is followed by a period, 10-30 minutes, during which bond 
cleavage predominates. Both catalytic systems appear to reach their peak in 
hydrogenolysis consumption at 30 minutes under these conditions. This 
maximum is followed by a slight decrease in net hydrogenolysis on going to 
60-minute reaction times. The data in Figure Id suggest the existence of a 
sequential mechanism for conversion under these conditions. At short reac- 
tion times, the apparent internal hydrogen redistribution is based on con- 
densation (bond-making) chemistry, while at longer reaction times, bond 
cleavage (hydrogenolysis) chemistry appears to predominate. 

The hydrogen utilization profile data in Figure 1 can be contrasted 
with the conversion data shown in Figure 2. The conversion data were 
obtained on samples generated under conditions identical to those used for 
generation of Figure 1 .  Neither of these solubility-based conversion plots 
seem consistent with the hydrogen utilization data, particularly at short 
reaction times. The solubility data do not indicate any substantial effect 
of added catalyst and show no apparent qualitative differences between short 
reaction times and long reaction times. In particular, the time dependence 
of conversion based on solubility in the two solvents appears to be sub- 
stantially different. The THF solubility shows an abrupt change at short 
reaction time, while cyclohexane solubility is essentially a linear function 
of reaction time. This lack of correspondence between solubility-based con- 
version values and hydrogen utilization profiles is probably an indication 
that the two techniques are measuring different properties of the lique- 
faction system. It seems likely that solubility, especially in strong 
solvent systems, might be sensitive to physical changes in the system that 
are not probed by the chemical methods used in hydrogen utilization profil- 
ing. I t  is possible that the hydrogen utiiization profiie approach may 
prove to be more useful in investigations of the detailed chemical mechanism 
of liquefaction. 

Conclusions 

The hydrogen utilization profiles as a function of reaction time indi- 
cate that two different time regimes of reactivity may exist under these 
mild reaction conditions. At short reaction time the data suggest that 
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hydrogenation and condensation reactions are operative with minimal net 
hydrogen incorporation. (The possibility exists that the hydrogen generated 
in condensation during this time period is being shuttled into more reactive 
regions of the slurry via hydrogenation). After this initial period of 
hydrogen redistribution, the major chemistry appears to be bond breaking 
(hydrogenolysis) that results in significant net hydrogen incorporation into 
the slurry. This description is consistent with a set of two sequential 
reactions being responsible for liquefaction under these conditions. The 
data in this study clearly indicate that both tin and molybdenum accelerate 
the incorporation of hydrogen into the reacting slurry and imply that the 
major net effect of the catalysts is to make hydrogen more readily available 
for hydrogenolysis reactions. 
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An Electron Spin Resonance Investigation of Free Radicals 
i n  Lignite Formed Using Programed Temperatures, H2S, CO and H2 
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INTRODUCTION 
The conversion of low-rank coal t o  l iquid products has  t rad i t iona l ly  been 

performed i n  organic donor solvents a t  constant reactor temperatures. In one 
view of coal l iquefaction, the thermolysis of weak bonds in the coal s t ruc ture  
i s  followed by H t r ans fe r  t o  the coal-derived radicals by hydrogenation atom 
donor molecules, reactions 1. and 2. To minimize adduction and  allow organic 

1 - coal-coal + 2R' 

2 - 2R' + 2H-Donor + 2RH + 2'Donor 

materials to  en ter  the product stream, we have recently developed a new donor 
solvent, H20-H2S w i t h  CO and H 2 ,  as a subs t i tu te  fo r  the organic slurrying 
solvent (1.2) and reducing gases. For ZAP l i gn i t e ,  vo la t i l e  product conversion 
f o r  the reaction performed i n  H20-H2S-H2-CO a t  420°C i s  42.8%; and, f o r  
H20-H2-CO, i t  is 37.4% (1). Our  current research in to  the chemistry of 
l iquefaction has yielded considerable progress using the l inear  temperature 
programmed reactions, 300-500°C. The conversion to  vo la t i l e  products us ing  by 
H20-H2S-H2-CO is equal 59.3% (3). 

A number of investigators have applied ESR to  examine radicals formed 
during pyrolysis of coal (4-11). Since the method of electron resonance is a 
very sensit ive,  we have chosen t h i s  technique t o  investigate mutual 
interactions of coal-derived radicals w i t h  reducing gases. 

EXPERIMENTAL 
About 30-50 mg 

of l i gn i t e  sample was inserted i n  a 2 mm i.d. Pyrex tube together with 20-30 mg 
of glass wool. The samples were dried i n  vacuum 1 Torr a t  5OoC fo r  3 hrs. The 
liquefaction was performed under reducing gases using the l inear  programed 
temperature range of 30U-5OO0C over the period of 1 hr i n  the batch autoclaves. 

The ZAP l i gn i t e  (Table 1) was ground t o  less  than 37 urn. 
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When t h e  temperature 500°C was reached, the  reactors  were vented t o  remove o i l  
and gas, cooled down i n  water (20'C) and next  i n  i c e . .  The samples were 

immediately sealed under argon, and the  ESR measurements were c a r r i e d  out  
w i t h i n  10-15 min a t  room temperature. According t o  Pe t rak i s  (E), upon cool ing 

t o  room temperature, sp in  concentrat ions i n  coal are, i n  general,  t h e  same as 
a t  t h e  h igh  temperature. The s p i n  concentrat ions and g values were determined 
by t h e  sample in terchange method. DPPH was employed as t h e  standard. Spin 

concentrat ions were ca l cu la ted  on f i n a l  and i n i t i a l  amounts o f  l i g n i t e .  The 
sp in  concentrat ion ( S C )  data was employed t o  c a l c u l a t e  t h e  conversion t o  

d i s t i l l a t e  products by us ing  the equation 3. The ca l cu la ted  conversion (SC) 

SC(f ina1) - SC( in i t i a1 )  
3 - % conversion (SC) = x 100% 

W f i n a l )  

has been c o r r e l a t e d  w i t h  s i m i l a r  conversion values i n t o  v o l a t i l e  products 
independently determined by employing the  t r a d i t i o n a l  techniques (1). 

A l l  ESR spect ra were recorded us ing  a Brucker ER-420 spectrometer. 
Dup l i ca te  samples were prepared f o r  a l l  d i f f e r e n t  sets  o f  l i q u e f a c t i o n  
cond i t i ons  t o  check r e p r o d u c i b i l i t y .  

RESULTS AND DISCUSSION 

(a )  The e f f e c t  o f  H,S on s t a b i l i z a t i o n  o f  coal -der ived r a d i c a l s  
The t y p i c a l  ESR spectrum o f  a ZAP l i g n i t e  sample i s  a s i n g l e  symmetric 

s igna l  w i thou t  hyper f i ne  s t r u c t u r e  (F igure 1). This s ignal  i s  d i s t i ngu ishab le  

by i t ' s  g-value, l i n e w i d t h  and sp ins g-'. For unreacted coal, they are 2.0021, 
8.3 G and 1.8 x lo1' sp ins g- , and f o r  pyro lyzed coal l i n e a r  programmed over 
30O-50O0C fo r  1 hr ,  t he  values a r e  2.0011, 6.8 G and 20.2 f 1.9 x 10'' g spins 
g , respect ive ly .  Decreases i n  ESR g value i s  known t o  be a consequence o f  
t he  evo lu t i on  of heteroatom-containing gases such as C02 and H20 which are 

formed dur ing t h e  pyro lyses (13). The decrease i n  l i n e w i d t h  o f  t he  sample can 
be a t t r i b u t e d  t o  the  dehydrogenation react ions known t o  be occurr ing 

concurrently. 

1 

-1 

A rep resen ta t i ve  spectrum of ZAP l i g n i t e  which has been reacted w i t h  H2S 
i s  reproduced i n  F igure 2. Th i s  spectrum consis ts  o f  two symmetric signals: 
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one i s  p o s i t i v e  (+) and one i s  negat ive (-). The p o s i t i v e  s igna l  can be 

a t t r i b u t e d  t o  coal -der ived and some organo-sulfur rad i ca l s .  I t  i s  c lose t o  

Lorentz ian i n  shape. The observed negat ive curve has a Gaussian shape, and it 

represents r a d i c a l s  assoc iated a v a r i e t y  o f ,  organo-sul fur  bonds. The 
ex is tence o f  t h e  nega t i ve  s igna l  suggests an a l t e r e d  magnetic environment o f  

these unpai red e lec t rons .  

More recent  measurements o f  t he  33S hyperf ine s t r u c t u r e  have revealed 
three b a s i c  forms o f  s u l f i d e  rad i ca l s :  RCH2S', RCH2SS' and (RCH2SSCH2)- (14). 
The g tensor ,  which has proven t o  be w ide ly  app l i cab le  f o r  i d e n t i f i c a t i o n  of 
su l fur -centered r a d i c a l s ,  does no t  prov ide a c r i t i c a l  d i s t i n c t i o n  between the 

monosulf ide and d i s u l f i d e  forms o f  these rad ica ls .  There seems t o  be agreement 

(15) t h a t  t h e  d i s u l f i d e  r a d i c a l  anion forms from RS' by reac t i on  4. The 

unpaired e l e c t r o n  i s  weakly bounded t o  t h e  S:S a3p* ant ibonding molecular 

o r b i t a l  s ince  i t  conta ins a major 3p+3p element. The d i s u l f i d e  r a d i c a l  anions 
can be protonated (16) t o  g i ve  I. 

RC? i 
sws 

\ 
CH2R 

I 

Th is  molecule s t i l l  has t h e  unpaired e l e c t r o n  i n  t h e  S'S u ~ ~ *  o r b i t a l .  The S-S 
bond w i l l  probably be weaker than t h a t  o f  t he  anio'n. 

I n  t h i s  system, one can expect t h e  d i f f us ion  o f  H2S inward i n  t h e  coal 
p a r t i c l e  du r ing  t h e  heating. This may cause product ion severa l  k inds  o f  

organo-sulfur bonds which can vary with d i f f e r e n t  concentrat ion o f  H2S. It i s  
reasonable t o  assume t h a t  charged organo-d isu l f ide r a d i c a l s  can be a lso f o r m d  
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i n  t h e  i n t e r i o r  o f  c o a l ' s  g r a i n  and be d i s t r i b u t e d  as paramagnetic impur i t i es  
p a r t l y  s t a b i l i z e d  by environment. 

By computer ana lys i s  o f  the spectra, i t  was poss ib le  t o  separate 
experimental ESR curve i n t o  two component spectra. The p o s i t i v e  one belongs 
p r i m a r i l y  t o  coal -der ived r a d i c a l s  ( p o s i t i v e )  and t h e  o the r  t o  organo-disulfur 
rad ica ls .  

The r e l a t i o n s h i p  o f  sp in  concentrat ions per  gram t o  the  pressure o f  H2S i s  
shown i n  F igure 3. The l i n e s  assigned as I and I1 were determined by the  
d i v i s i o n  o f  t he  sp in  concentrat ion values by t h e  amount of charged l i g n i t e  and 

recovered s o l i d  m a t e r i a l  from the  reac to r ,  respect ive ly .  There i s  a 
s i g n i f i c a n t  r i s e  o f  sp in  densi ty  w i t h  increas ing concentrat ions of 'H2S. The 

d i f f e rences  i n  sp in  concentrat ions between t h e  two p l o t s  I and I 1  represents 

the amount o f  coal -der ived r a d i c a l s  which have been converted t o  o i l  and gas. 
The l i n e  described as theo re t i ca l  has been ca l cu la ted  from t h e  computer 
separated s ignals ,  and represents the t o t a l  number of rad i ca l s .  

The v a r i a t i o n  of g-value w i t h  pressure o f  H2S i s  presented i n  Figure 4. 
The g values increase s i g n i f i c a n t l y  w i t h  H2S pressure. It i s  r e l a t e d  t o  the 
amount o f  heteroatoms incorporated (23). Thiophenol i c  forms l i k e  phenolic 
forms a re  e f f e c t i v e  a t  causing g - s h i f t s  (11). 

F igure 5 shows t h e  v a r i a t i o n  o f  t he  ESR l i n e  w id th  ( A H  ) as a func t i on  o f  
H2S pressure. Overa l l  the p r i n c i p a l  c o n t r i b u t o r  t o  t h e  p o s i t i v e  s ignal  i s  
coal-derived rad i ca l s ,   AH^^ r 5 G and f o r  s igna l  ( - )  some k ind  o f  
organo-disulfur compounds AH > 15 G. The r e s u l t s  i n d i c a t e  t h a t  hydrogen 
content i n  t h e  coal  r a d i c a l s  i s  unchanged w i t h  pressure o f  H2S. For 
organo-disulfur compounds, t h e  l i new id ths  f a l l  w i t h i n  the  range 14.1-16.6 G 

w i t h  increas ing o f  H2S pressure. Th is  suggests t h a t  o t h e r  e f f e c t s  may a l so  
i n f l uence  on t h e  ESR l i n e w i d t h  such as e lect ron-proton i n t e r a c t i o n s  (13). 

PP 

PP 

It i s  wor thwhi le  t o  note t h a t  negat ive ESR s igna l  disappears when 
p rev ious l y  s u l f u r i z e d  ZAP l i g n i t e  i s  exposed t o  H2 o r  CO atmospheres a t  500°C. 
The g-values and l i n e w i d t h s  concomitantly decrease t o  2.0016 and 5.8 G, 
respect ive ly .  
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(b) E f f e c t  of H,S and H, (CO) on hydrogenation o f  coal-derived rad ica ls .  
I n  H2S-H2 o r  H2S-CO atmospheres s i g n i f i c a n t  dif ferqnces occur i n  ESR 

spectra o f  ZAP l i g n i t e  programed 300-5OO0C (F igure 6). The l i n e  shape va r ies  

and i s  cha rac te r i zed  by t h e  disappearance o f  t he  negat ive signal (Figure 2 )  and 

t h e  appearance o f  a narrow peak wi th a s h o r t  w id th  o f  l i n e  ~r 1 G. The spin 

concentrat ion i n  H2S-CO atmosphere i s  lower  than i n  H2S-H2 (Figure 7). 
Therefore, CO decreases t h e  p r o b a b i l i t y  o f  t h e  carbon s u l f u r  bonds formation. 

L 

The g va lues o f  t h e  ZAP l i g n i t e  i n  H2S-CO a l s o  changes upon the 

i n t r o d u c t i o n  o f  H2 p a r t i c u l a r l y  a t  lower pressures o f  H2S (Figure 8). I n  the 

h ighe r  f r a c t i o n a l  pressure o f  CO (= 0.7) i n  t h e  m ix tu re  o f  H2S + CO there 

appears, f i r s t  o f  a l l ,  t o  be CO i n t e r a c t i o n  wi th coal rad ica ls .  This i s  mostly 
pronounced i n  r e a c t i o n  CO alone w i t h  coal r a d i c a l s  (Table I ) ,  g = 2.0026 and 

suggest s t r o n g  s p i n - o r b i t  coupling, probably w i t h  phenoxy groups o r  those of 
t h e  semiquinone type. 

( c )  E f f e c t  o f  wa te r  on f r e e  rad i ca l s  format ion and l i g n i t e  conversion. 
The r e s u l t s  o f  the ESR measurements w i t h  water and reactant  gases (CO. 

H2S, H2) are  l i s t e d  i n  Table 1. I n  a l l  experiments w i t h  H20, t he  rad i ca l  

concentrat ions o f  ZAP l i g n i t e  i s  low consider ing the  very l a rge  numbers o f  
rad i ca l s  known t o  be formed du r ing  p y r o l y s i s  ( Z  20.2 x lo1’ 9- l ) .  The 

determined convers ion t o  v o l a t i l e  products i s  va r ied  w i t h  d i f f e r e n t  pressure o f  

CO. The maximum convers ion was achieved most ly  i n  CO = 70 MPa + n2S = 17.5 

MPa. Th is  suggests t h a t  many o f  formed r a d i c a l s  were consumed by hydrogen 
t rans fe r  f rom s h i f t  react ion,  H20 + CO, s h i f t  r eac t i on  promoted by H2S 
throughout COS i n te rmed ia te  compounds and as o i l  ex t rac ted  by s u p e r c r i t i c a l  
water o r  p a r t l y  evaporated t o  reac to r  were removed du r ing  v e n t i l a t i o n  process. 

The very narrow l i n e w i d t h  was noted f o r  reac t i ons  performed w i t h  H20 and 
reactant  gases. Using t h e  r e l a t i o n  between ESR spect ra l  l i new id th  and hydrogen 
content  o f  coals  developed by Retcofsky (29), AH = 1.6 H - 1.8 where H i s  

weight  pe rcen t  hydrogen, we can conclude t h a t  t h e  hydrogen content i n  the 
n o n v o l a t i l e  res idue  i s  decreased. 

PP 
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SUMMARY 
To increase t h e  l i q u i d  y i e l d s  o f  coal l i que fac t i on ,  ESR spect ra o f  

unconverted coal residues a re  r e l a t e d  t o  reac to r  cond i t i ons  and conversion i n t o  

v o l a t i l e  products. ESR spectra were obtained f o r  Nor th Dakota Zap l i g n i t e  
t rea ted  w i t h  var ious reducing gas atmospheres us ing a 1 inear-programed reac to r  

temperature range o f  300-500°C. The l i n e  shape, sp in  density, l i n e w i d t h  and 
g-values were a l l  found t o  vary w i t h  t h e  nature o f  t h e  reducing gases employed. 

The sp in  dens i t y  o f  t h e  coal samples increased w i t h  increas ing concentrat ions 
of H2S i n  the reactor .  P a r t i a l l y  superimposed p o s i t i v e  and negat ive s igna ls  

were recorded when t h e  coal was reacted w i t h  H2S alone. When H2S i s  used i n  
conjunct ion w i t h  e i t h e r  H2 o r  CO, o n l y  two p o s i t i v e  s igna ls  were observed i n  
the  ESR spectra and t h e  sp in  d e n s i t i e s  were reduced. The sp in  dens i t y  o f  t h e  
reacted coal  was minimum when t h e  reac t i on  mixture contained H2@. The s p i n  

densi ty  o f  the samples were i n v e r s e l y  r e l a t e d  t o  t h e  percent conversion i n t o  
v o l a t i l e  products. 
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STRUCTURAL FEATURES OF PRODUCTS DERIVED FROM WATER-ASSISTED 
LIQUEFACTION OF BITUMINOUS COALS 

John A.  Ruether ,  Richard G. Lett,  and Joseph A .  M i m a  

P i t t s b u r g h  Energy Technology Center 
P.O. Box 10940 

P i t t s b u r g h ,  PA 15236 

INTRODUCTION 

I n  r ecen t  y e a r s ,  s e v e r a l  r e sea rch  teams i n t e r e s t e d  i n  ob ta in ing  l i q u i d  
f u e l s  from coa l  have i n v e s t i g a t e d  approaches t h a t  involve  adding s u b s t a n t i a l  
amounts o f  water with t h e  coa l  during p rocess ing .  Although t h e  approaches 
taken by t h e  d i f f e r e n t  groups vary cons ide rab ly ,  a l l  groups c i te  t h e  low 
c o s t  of water -- as a r e a c t a n t ,  e x t r a c t a n t ,  o r  t r a n s p o r t  medium -- t o  be a 
p o t e n t i a l  advantage  for aqueous l i q u e f a c t i o n  compared t o  more convent iona l  
processes .  For some processes ,  t he  vapor p r e s s u r e  of water a t  r e a c t i o n  tem- 
p e r a t u r e  makes a very  cons ide rab le  c o n t r i b u t i o n  t o  t h e  t o t a l  p re s su re  
r equ i r ed  i n  t h e  r e a c t i o n  s e c t i o n .  Fu r the r  r e s e a r c h  w i l l  show i f  the neces- 
s i t y  of h igh  p r e s s u r e  i n  aqueous systems can be avoided o r  i f  advantages i n  
terms of  product  q u a l i t y  and y i e l d s  r e a l i z e d  through use o f  water w i l l  com- 
pensa te  f o r  h ighe r  p r e s s u r e  requi rements .  

Work a t  our  l a b o r a t o r y  has  i n v e s t i g a t e d  t h e  i n t e r p l a y  o f  o rgan ic  sol-  
v e n t ,  water, and wa te r - so lub le  c a t a l y s t s  on convers ion  of c o a l  to  s o l u b l e  
products  i n  t h e  p re sence  o f  hydrogen gas  [ 1 , 2 , 3 ] .  A t  cons t an t  hydrogen 
p a r t i a l  p re s su re  and t empera tu re ,  convBrsion i n c r e a s e s  both w i t h  an inc rease  
i n  water d e n s i t y  and a n  i n c r e a s e  i n  water - to-coa l  r a t i o  i n  the r e a c t o r .  The 
mechanism by which water a i d s  convers ion  is n o t  known, bu t  some experiments 
wi th  deuterium ox ide  i n d i c a t e d  t h a t  hydrogen-oxygen bonds i n  water were no t  
being broken. In  t h e  presence  o f  water, e s p e c i a l l y  when a water -so luble  
molybdenum c a t a l y s t  is also p resen t ,  t h e  f u l l  b e n e f i t  o f  having an  o rgan ic  
s o l v e n t  present is achieved  a t  so lvent - to-coa l  r a t i o s  as low as 0.25. I n  
a d d i t i o n ,  o r g a n i c  s o l v e n t ,  water, and c a t a l y s t  are complementary i n  promot- 
ing conversion,  and h igh  convers ions  can be ob ta ined  by va r ious  combinations 
o f  these t h r e e  a i d s  t o  hydro l ique fac t ion  r e a c t i o n s .  

These f i n d i n g s  have l e d  u s  to  con t inue  t o  conduct r e a c t i o n s  wi th  
va r ious  combinations o f  coa l - to-so lvent  and coal-to-water r a t i o s ,  o f  tem- 
p e r a t u r e ,  and of hydrogen p a r t i a l  p re s su re .  Our aim is t o  i d e n t i f y  advanta- 
geous r e a c t i o n  c o n d i t i o n s  t h a t  may be used i n  a cont inuous  p rocess  t h a t  
employs a lower so lven t - to -coa l  r a t i o  for t h e  f eed  stream than  is used i n  
c u r r e n t  donor s o l v e n t  p rocesses .  T h i s  work examines t h e  s t r u c t u r a l  f e a t u r e s  
o f  c o a l  l i q u i d s  produced iinder a v a r i e t y  o f  unconventional r e a c t i o n  con- 

Reference i n  t h i s  r e p o r t  
s e r v i c e  is to  fac i l i t a te  
endorsement or f a v o r i n g  by 

t o  any s p e c i f i c  commercial product ,  process ,  o r  
understanding and does  not  n e c e s s a r i l y  imply its 
t h e  United S t a t e s  Department o f  Energy. 
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ditions. For reaction at low 
solvent-to-coal ratios and high water partial pressure, do liquid products 
resemble those from conventional donor solvent processes, or take on some 
characteristics of pyrolysis products? Is there evidence of incorporation 
of oxygen from water in the products? What is the effect of reaction tem- 
perature on product characteristics? To examine these questions, reactions 
were carried out with two Illinois No. 6 bituminous coals, and the liquid 
products were extensively analyzed. 

Some questions of interest are the following: 

EXPERIMENTAL 

Hydroliquefaction Reactions 

Batchwise liquefactions of two Illinois No. 6 bituminous coals were 
carried out using varying values of organic vehicle-to-coal and water-to- 
coal in the charge. All reactions were carried out with use of a water- 
soluble catalyst, ammonium heptamolybdate, in the concentration range 
0.08-0.27 wt$ molybdenum on dry coal. Gaseous hydrogen was employed in all 
runs. Ultimate analyses of the two coals, Burning Star and River King, are 
shown in Table 1. Two different hydrogen-donor solvents were also employed 
in this work. A composite Lunnnus solvent was derived from the 2SCT series 
of experiments (LCF-9 runs) with Burning Star coal on the Lummus Integrated 
Two-Stage Liquefaction (ITSL) Process Development Unit. A second solvent, 
designated HWSRC, was resid from the hydrotreater at the Wilsonville 
Advanced Coal Liquefaction Facility, produced during Run 242 with Burning 
Star coal. 

Table 1. Elemental and Ash Analyses (wt%) of Illinois No. 6 Coals. 

Burning Star River King 
mf maf mf maf 

~ ~~ ~ ~~ ~ 

H 4.74 5.47 4.65 5.27 
C 67.5 77.9 65.2 73.9 

N o.ae 1 .o 0.96 1.1 
S 3.0 3.5 3 . 7  4.2 
Ash 10.6 -- 13.8 -- 

0 -- (12.l)diff. -- (15.5)diff. 

Reactions were carried out in a stirred one-liter autoclave. Reaction 
conditions employed are shown in Table 2. Coal, organic solvent, water, and 
catalyst were charged batchwise. Hydrogen was charged cold to the reactor 
at the desired total reaction pressure. As the reactor temperature rose 
during the heat-up period, hydrogen gas was vented via a back pressure con- 
trol valve to maintain the total pressure. During the course of the 
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reaction, t h e  p a r t i a l  p r e s s u r e  of hydrogen decreased  and t h a t  of o t h e r  com- 
ponents  i n c r e a s e d .  The to ta l  p r e s s u r e  and the hydrogen p a r t i a l  p r e s s u r e  a t  
reaction tempera ture  a t  the end of each run  are shown i n  Table 2 .  In  one 
run  (H-14), t h e  r e a c t i o n  was c a r r i e d  o u t  under 1900 p s i g  p a r t i a l  p r e s s u r e  of 
n i t rogen .  Reaction times were 30 o r  60 minutes  and were measured from t h e  
time t h e  d e s i r e d  o p e r a t i n g  tempera ture  was e s t a b l i s h e d .  Following a 
reaction, the reactor was cooled o v e r n i g h t  to  room temperature.  Product 
gases were vented  t o  a g a s  h o l d e r ,  then  metered and sampled. Light  o i l s  
(n.b.p. (293oC) and water were s t r i p p e d  from t h e  r e a c t o r  by vacuum d i s t i l -  
l a t i o n .  The remaining heavy l i q u i d s  and s o l i d s  were d i s s o l v e d  i n  to luene  
and removed from t h e  reactor. The t o l u e n e  was s t r i p p e d  from t h e  heavy 
products  t h a t  were subsequent ly  analyzed for  THF-, benzene-, and 
cyc lohexane- inso lubles  t o  de termine  convers ions  and product d i s t r i b u t i o n s .  
Asphaltenes a r e  d e f i n e d  as material s o l u b l e  i n  benzene and i n s o l u b l e  i n  
cyclohexane. 

Chemical and I n s t r u m e n t a l  Analyses 

Heavy o i l s  are material s o l u b l e  i n  cyclohexane. 

The vacuum-stripped products  were s e p a r a t e d  i n t o  methylene c h l o r i d e  
s o l u b l e s  and i n s o l u b l e s  t o  facil i tate f u r t h e r  a n a l y s e s .  Elemental  a n a l y s e s  
were performed on both  t h e  methylene c h l o r i d e  s o l u b l e  and i n s o l u b l e  
p o r t i o n s .  Molecular weight d e t e r m i n a t i o n s  were performed on methylene 
c h l o r i d e  s o l u b l e s  by vapor p r e s s u r e  osmometry. Q u a n t i t a t i v e  measurements of 
phenol ic  0 -H,  and r e l a t i v e  c o n c e n t r a t i o n s  of N-H i n  the methylene chloride 
s o l u b l e  f r a c t i o n s  were made by n e a r - i n f r a r e d  procedures.  High r e s o l u t i o n  ' H  
and "C NMR s p e c t r a  of t h e  methylene c h l o r i d e  s o l u b l e  f r a c t i o n s  were 
a c q u i r e d  on a Varian XL-100 spec t rometer .  

RESULTS 

S o l v e n t  Analys is  

Conversions to  THF and benzene s o l u b l e s ,  and y i e l d s  of hydrocarbon 
products  are shown i n  Table  3.  Although a l l  r e a c t i o n  c o n d i t i o n s  were n o t  
v a r i e d  s y s t e m a t i c a l l y ,  some g e n e r a l  o b s e r v a t i o n s  can be made. High THF con- 
v e r s i o n s  ( g r e a t e r  t h a n  90%) and h i g h  benzene convers ions  (approaching 90%) 
were achieved w i t h  b o t h  of the coal and s o l v e n t  combinations t e s t e d ,  River 
King/Lummus and Burning Star/HWSRC. Use of low hydrogen p r e s s u r e  r e s u l t s  i n  
low THF convers ions  (Runs H-14 and H-17). With a low tempera ture ,  h igh  THF 
convers ions  may be o b t a i n e d ,  b u t  benzene convers ions  a r e  reduced (Runs H-12 
and H-16). I n  sys tems wi th  s o l v e n t  p r e s e n t ,  h i g h  convers ions  are obta ined  
b o t h  with and w i t h o u t  added water, b u t  a t  lower p r e s s u r e  when water is 
a b s e n t  (Runs H-10, H-24, and H-30). 

Elemental Analyses of Feed and Product F r a c t i o n s  

Table 1 shows t ha t  a n a l y s e s  of the two coals a r e  very similar, as 
expected. Tables  4 and  5 g i v e  t h e  e l e m e n t a l  a n a l y s e s  and average  molecular 
weight of the methylene c h l o r i d e  s o l u b l e  and i n s o l u b l e  f r a c t i o n s ,  
r e s p e c t i v e l y ,  of t h e  two s o l v e n t s  used -- composite Lummus ITSL s o l v e n t  and 
hydrogenated W i l s o n v i l l e  thermal r e s i d  (HWSRC). E s s e n t i a l l y  a l l  t h e  HWSRC 
i s  s o l u b l e  i n  methylene c h l o r i d e .  The ,Gables d i s c l o s e  s e v e r a l  s i g n i f i c a n t  
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Table 3. Conversion to Solubles and Yields in Liquefaction Experiments 

Autoclave 
Run No. 

H-10 
H-12 
H-14 
H-16 
H-17 
H-24 
H-30 

Conversion 
Swts. maf Coal) Net Yield (wt%. maf Coal) 

Heavy Light Hydrocarbon 
THF Benzene Asnhaltenes Oils Oils Gases 

90.2 87.6 17.7 66.7 9.0 8.7 
89.7 55.0 29.7 17.9 1 .o --- 
71.9 59.8 16.7 43.8 9.0 7.1 
92.7 66.2 42.1 37.7 3.0 --- 
84.1 ---- 38.0 11.8 3.8 5.3 
91.4 86.6 27.2 68.0 8.6 6.3 
90.8 83.9 28.6 59.7 10.6 5.5 

Table 4. Elemental Analyses and Number Average Molecular Weights of 
Methylene Chloride Soluble Fractions of Solvents and Heavy 

Aqueous Liquefaction Products. 

Sample C H 0 N S H/C Rna 

0.70 0.45 0.913 345 Composite Lummus 90.4 6.9, 1.5 
ITSL Solvent 

HWSRC Solvent 89.6 7.46 1.9 0.83 0.27 0.990 587 
H-10 88.5 7.46 2.6 1.1 0.3s 1 .oo 315 
H-12 84.1 7.27 6.0 1.1 1.57 1.0, 573 
H-1Yb 89.4 6.65 2.3 1.2 

H-17 87.8 7.10 3.2 1.4 
H-24 88.8 7.47 2.4 1.1 0.31 1 .oo 343 
H-30 89.0 7.09 2.3 1.3 

0.50 0.888 318 
H-16 86.4 7.28 4.2 1.1 1 .o, 1 .oo 408 

0.52 0.96b 340 

0.35 0.941 362 

aVPO in pyridine @ 80%. 
bAverage of two determinations. 
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Table 5. Elemental Analyses (C,H,N) of Methylene Chloride Insoluble 
Fractions of Solvents and Heavy Aqueous Liquefaction Products 

on an Ash-Free Basis. 

Sample C H N H/C 

Composite Lummus 86.4 4.9r 2.1 0.682 
ITSL Solvent 

H-10 
H-12 
H-14 
H-16 
H-17 
H-24 
H-30 

74.8 4.52 2.4 0.720 
81.3 5.76 1.5 0.844 
85.4 4.24 1.6 0.591 
80.8 5.83 1.6 0.859 
89.6 4.98 1.9 0.662 
87.7 5.17 2.1 0.702 
88.1 5.00 2.2 0.681 

differences between the solvents. The Lummus solvent is of lower molecular 
weight and is less hydrogenated. The average molecular weight of the HWSRC 
is in the range expected for soluble nondistillate coal-derived resids. 

Tables 4 and 5 also contain elemental analyses for the methylene 
chloride soluble and insoluble fractions, respectively, of the residual 
reaction products after the light oil has been stripped off. The hydrogen 
content of the methylene chloride soluble fractions of the products is -72, 
similar to that of the added hydrogen donor solvents. Although the relative 
yields of methylene chloride solubles are considerably reduced in the runs 
made at 37OoC vs. 427OC, the H/C ratio of the solubles does not appear to 
be highly temperature dependent. All of the methylene chloride solubles are 
higher in oxygen than the added hydrogen donor solvents (which have been 
catalytically hydrotreated). The oxygen content of the products from the 
runs at 370°C is considerably higher than that of the runs at 427OC. How- 
ever, excluding the 30-minute Run H-12 with added solvent in which poor con- 
version to methylene chloride solubles was achieved, the oxygen determi- 
nations in Table 4 are in the range expected for conventional direct lique- 
faction products of similar average molecular weight derived from Illinois 
No. 6 coal. 

Heteroatomic Functionality 

Infrared analyses of the 0-H and N-H functionality in the solvents and heavy 
products are summarized in Table 6. The fraction of oxygen present as 
phenolic OH in the methylene chloride solubles appears t o  be between 0.3 and 
0.4, and follows the total oxygen in Table 4 as determined by elemental 
analysis. The results reflect the fact that hydrogenolysis of carbon-oxygen 
bonds is less extensive at 37OoC than at 427OC. Also, the methylene 
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Table 6 .  D i l u t e  S o l u t i o n  I n f r a r e d  Analyses o f  Methylene Chlor ide  
So lub le  So lven t  F r a c t i o n s  and Product F r a c t i o n s  

%O as F r a c t i o n  of T o t a l  E s t . %  N F r a c t i o n  o f  To ta l  
Free OH 0 as F r e e  OH as N-H N as N-H 

Solvent  

Composite 0.47 0.32 0.25 0 .36  
Lummus ITSL 

HWSRC 0.44 0.23 0.2 8 0.34 

Autoclave 
Run No. 

H-10 0.97 0.37 0.32 0.30 
H-12 1.7 0.29 0.20 0 . 1 9  

H-14 0.88 0.35 0.44 0.40 
H-16 1.3 0.32 0.27 0 . 2 ~  
H-17 1.5 0.47 0.48 0.35 

H-24 0.99 0.41  0.43 0 .40  
H-30 0.94 0.41 0.44 0.34 

c h l o r i d e  s o l u b l e s  from runs made without added hydrogen donor s o l v e n t  tend 
t o  b e  h igher  i n  pheno l i c  0 - H  and oxygen than  from runs made wi th  added 
s o l v e n t s  t h a t  are r e l a t i v e l y  dep le t ed  i n  oxygen. The e s t ima ted  f r a c t i o n  o f  
t h e  n i t rogen  p r e s e n t  as p y r r o l i c  N-H is from 0.3 t o  0.4,  v a l u e s  t h a t  are 
c o n s i s t e n t  wi th  similar i n f r a r e d  ana lyses  of o t h e r  d i r e c t  l i q u e f a c t i o n  
products  de r ived  from I l l i n o i s  No. 6 (Burning S t a r )  c o a l .  

AveraRe S t r u c t u r a l  Parameters 

A s  a means o f  f u r t h e r  comparing t h e  heavy dewatered p roduc t s ,  average  
s t r u c t u r a l  parameters  a s s o c i a t e d  with t h e  methylene c h l o r i d e  s o l u b l e  so lven t  
and product f r a c t i o n s  have been c a l c u l a t e d .  These parameters  should not  be 
viewed as a means o f  c o n s t r u c t i n g  f i c t i t i o u s  "average s t r u c t u r e s "  f o r  t hese  
very complex f r a c t i o n s  but  as a means of condensing a l a r g e  body of d i v e r s e  
informat ion  i n t o  a se t  o f  c o r r e l a t i v e  parameters t h a t  may prove u s e f u l  f o r  
comparing samples and drawing gene ra l  conc lus ions .  

The mean s t r u c t u r a l  parameters  t abu la t ed  i n  Table  7 have been calcu-  
l a t e d  by t h e  Brown and Ladner procedure' from e l emen ta l  a n a l y s i s ,  'H NMR, 
and N I R  data. The a l i p h a t i c  H/C r a t i o  was assumed t o  be two f o r  a l l  groups 
having  pro ton  resonances  i n  t h e  Ha and H B  r eg ions ,  and t h r e e  f o r  groups 
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Table 7a. Mean Structural (Brown and Ladner) Parameters of Methylene 
Chloride Soluble Fractions of Hydrogen Donor Solvents 

Solvent 

L m u s  ITSL HWSRC 

Carbon Aromaticity, fa 0.73 0.62 

Composite 

Hydrogen Aromaticity, H&. 0.37 0.20 

Degree of Aromatic Ring Substitution, a 0.30 0.49 

H/C Ratio of Unsubstituted Aromatic 0.64 
Units, Haru/Car 

0.61 

Average Alkyl Substituent Chain Length, n 2.2 2.2 

(mostly methyl) having resonances in the Hy region. This "prescription" 
generally yields calculated aromaticity values for bituminous coal lique- 
faction products that agree with the direct "C NMR measurements. 

The mean structural parameters of the added donor solvents are given in 
Table 7a. The calculated aromaticities reflect the relative hydrogen con- 
tent of the solvents as determined by elemental analysis (Table 4 ) .  The 
degree of aromatic ring substitution ( a ) ,  which is an estimate of the frac- 
tion of aromatic ring edge atoms bearing a substituent, is higher for more 
hydrogenated HWSRC. In part, this is a consequence of the fact that the 
Brown and Ladner approach treats hydroaromatic rings as two alkyl substi- 
tuents with an average carbon chain length of two. In both solvents, the 
estimated average alkyl substituent chain length is about two, i.e., in 
common with most heavy coal liquefaction products, the most prominent alkyl 
substituents are methyl groups and hydroaromatic rings as opposed to long 
chain alkyl groups. The calculated H/C ratio of the unsubstituted aromatic 
units (Haru/Car) imply that the average aromatic units in both solvent 
fractions are larger than three rings and that the average size of such 
units is larger in the HWSRC than in the methylene chloride soluble fraction 
of the composite Lummus ITSL solvent. However, it should be realized that 
this parameter is an insensitive indicator of the exact ring cluster size 
for systems containing more than three aromatic rings. In addition, since 
the Brown and Ladner treatment does not acknowledge the presence of hetero- 
cyclic rings, care should be exercised in attaching more than qualitative 
significance to these results. 

None of the structural parameters characterizing the methylene chloride 
soluble fractions of the heavy dewatered aqueous liquefaction products 
(Table 7b) are significantly different from those of direct liquefaction 
products of similar hydrogen content and molecular weight range derived from 
Illinois No. 6 coal. As an example, analyses of two light thermal resids 
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Table 7b. Mean Structural (Brown and Ladner) Parameters of Methylene 
Chloride Soluble Product Fractions Calculated Using 'H-NMR Data 

Autoclave Run No. 

H-10 H-12 H-14 H-16 H-17 H-24 H-30 

Carbon Aromaticity, fa 0.68 0.62 0.76 0.66 0.69 0.67 0.70 

Hydrogen Aromaticity, H& 0.34 0.22 0.45 0.27 0.33 0.30 0.33 

Degree of Aromatic Ring 0.33 0.48 0.27 0.39 0.33 0.37 0.36 

H/C Ratio of Unsubstituted 0.76 0.70 0.72 0.68 0.68 0.71 0.69 

Substitution, 0 

Aromatic Units, Haru/Car 

Average Alkyl Substituent 1.9 2.0 1.7 2.1 2.2 2.0 1.9 
Chain Length, n 

(LTR's) from Non-Integrated Two-Stage Liquefaction (NTSL) experimentation at 
Wilsonville are summarized in Table 8. In Run 236 the dissolver was 
operated under "mild" severity NTSL conditions (419OC, 2000 psig HI, 
30 lb/hr ft' coal space rate), while in Run 241 the dissolver was operated 
under "moderate" severity NTSL conditions (43OoC, 2400 psig HI, 20 lb/hr ft' 
coal space rate). The aqueous liquefaction fractions tend to be only 
slightly lower in average molecular weight and slightly more hydrogenated 
than the light thermal resid from NTSL Run 236. After allowing for the 
diluting effect of the added donor solvent, the percent oxygen appears to be 
slightly lower in the aqueous liquefaction product fractions than in the 
LTR's, but the fraction of oxygen as OH is similar in both cases. Likewise, 
the estimated wt$ nitrogen as pyrrolic N-H and fraction of the total 
nitrogen as N-H are similar for both types of products. 

Table &I. Elemental Analyses and Number Average Molecular Weights of 
Methylene Chloride Soluble Fractions of Light Thermal Resids 

the Wilsonville ACLTF. 
from Liquefaction of Illinois No. 6 (Burning Star) Coal at 

Elemental Analysis (wt%) 
Run No. C H 0 N S H/C lin 

236 85.1 6.70 5.5 1.6 1.1 0.938 464 

24 1 88.1 6.19 3.3 1.6 0.8 0.836 453 
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Table 8b. Near-Infrared Analyses of Methylene Chloride Soluble 
Fractions of Light Thermal Resids. 

__ ~ 

% 0 as Fraction 0 Estimated Fraction 
Run No. Free OH as Free OH %N as NH N as NH 

236 

24 1 

1.86 0.37 0.4s 0.3 

1.42 0.46 0.51 0.3 

Table 8c. Mean Structural (Brown and Ladner) Parameters of Methylene 
Chloride Soluble Fractions of Light Thermal Resids. 

LiRht Thermal Resid 
Run 236 Run 241 

Carbon Aromaticity, fa 0.70 0.75 

Hydrogen Aromaticity, H&. 0.32 0.35 

Degree of Aromatic Ring Substitution, a 0.38 0.36 

H/C Ratio of Unsubstituted Aromatic 0.69 
Units, Haru/Car 

0.61 

Average Alkyl Substituent Chain 1.8 1.7 
Length, n 

DISCUSSION 

From the viewpoint of general structural features such as aromaticity, 
hydrogen distribution, and heteroatom functionality, the methylene chloride 
solubles of the vacuum-stripped products from aqueous liquefaction of 
Illinois No. 6 coal in the presence of added Mo catalyst are remarkably 
similar to conventional direct liquefaction products of the same molecular 
weight range derived from this coal. They do not exhibit features charac- 
teristic of coal pyrolysis products, such as a predominance of highly con- 
densed polycyclic aromatic structures with a low degree of ring substitution 
and low phenolic content. These results are consistent with recent reports 
of the, product composition from dissociation of Illinois No. 6 coal in 
base-catalyzed CO and H20 systems.’ In the latter experiments, no dramatic 
differences in composition of the toluene soluble product fractions were 
found over a wide range of conversion. Also, chromatographic profiles of 
the toluene solubles from liquefaction of Illinois No. 6 coal in CO and Hz 
and in tetralin were similar, although the mechanism of coal dissociation in 
the two systems must be quite different. A distinction has been made 
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between thermal severity (temperature, residence time) and reduction 
severity (specific reactivity of the reducing species). The inference has 
been made that similar weak bonds in the coal macromolecular structure are \ 

being broken in both aqueous and conventional coal liquefaction systems and 
that the products reflect some statistical regularity or uniformity in the 
distribution of chemical entities that constitute the coal macromolecular 
structure. Thus, although increasing the reduction (chemical) severity may 
increase the rate of bond breaking by chemical rather than thermal 
mechanisms, the observed result is primarily a larger number of liberated 
fragments rather than a change in their character. The present work indi- 
cates a similar interpretation is consistent with the reaction systems 
studied here. , 

In the present experiments, temperature is the most obvious variable 
influencing both yields and product composition. There appears to be the 
same trade-off in the aqueous liquefaction of catalyst-impregnated coal as 
in conventional thermal liquefaction using hydrogen donor solvents without 
added catalyst. Lower reaction temperatures (<4OO0C) tend to favor hydro- 

lower distillate yields, and higher yields of heteroatom-rich resid that may 
be soluble in polar solvents. Higher reaction temperatures ( >4OO0C) favor 
thermolysis and hydrogenolysis over hydrogenation. A higher yield of dis- 
tillate may result, but the remaining resid tends to become more refractory 
in nature, and the production of light hydrocarbon gases increases. 

genation over cracking and result in reduced hydrocarbon gas production, --. 

The chemical role of the water, if any, in the catalyst-impregnated 
coal and aqueous liquefaction system is not clear from the elemental and 
structural analyses of the products. Use of water as a vehicle with added 
ITSL solvent and catalyst appears to have given no better results than 
hydrogenation of the catalyst-impregnated coal in the presence of small 
quantities of a heavier, slightly more hydrogenated solvent at moderate 
pressures. There is no evidence for any significant net incorporation of 
oxygen; the water-assisted liquefaction products are not any higher in total 
oxygen or phenolic OH than conventional thermal-stage coal dissociation 
products of Illinois No. 6 coal. 

In terms of H/C ratio, and carbon and hydrogen aromaticities, the 
methylene chloride soluble fractions of the residual liquefaction products 
exhibit characteristics typical of donor solvent liquefaction products. As 
seen in Table 7, except for Run H-14, the aromaticities of the reaction 
products were less than that of the Lummus ITSL solvent and comparable to 
that of the HWSRC. Table 8c discloses that the carbon and hydrogen aroma- 
ticities of light thermal resids produced at Wilsonville in NTSL Runs 236 1 

and 241 are higher on average than those for the reaction products of this 
work. The analytical data indicate that the latter products have properties 
typical of similar molecular weight products that were produced in conven- 
tional donor solvent processes. 

I 
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